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ABSTRACT
The development of a drift tube with a pulsed RF electron detection 
system is described. This tube is designed to measure electron drift 
velocities in attaching gases. Measurements of electron drift velocities 
in oxygen in the range 0.14 - 1.4 Td are presented. A momentum transfer 
cross section for electron energies less than 1.5 eV which is consistent 
with these results is derived.
Results are given of an investigation into the validity of the 
usual solution of the Boltzmann equation for electron swarms in a gas 
with a large inelastic cross section. A Monte Carlo simulation was 
used to find the transport coefficients for electron motion in model 
gases with various inelastic cross sections, and these results are 
compared with a Boltzmann analysis of the same data. The comparison 
shows that the assumptions made in the solution of the Boltzmann 
equation remain valid up to relatively high levels of the inelastic
cross section.
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1CHAPTER I 
INTRODUCTION
The work presented in this thesis represents two separate 
investigations, both of which provide important information for the study 
of low-energy electron collisions in gases. The first investigation is 
the measurement of electron drift velocities in oxygen at low energies.
The second is a series of simulations of electron motion in model gases.
The parameters of electron collisions with oxygen have long been 
of interest to physicists. Since oxygen comprises a substantial 
proportion of our atmosphere, an understanding of these collisions is 
important in many fields such as upper atmosphere physics, the physics of 
electromagnetic wave propagation in the atmosphere, and the study of 
cosmic ray earth showers.
In many other gases, cross sections for elastic collisions and
inelastic interactions (e.g. rotational, vibrational, and electronic
excitation) of the molecules with low-energy electrons have been ascertained
from experimental determination of electron swarm transport coefficients
(Gilardini, 1972; Huxley and Crompton, 1974). Such coefficients include
the electron drift velocity v, and radial diffusion coefficient D , whichd 1
are measured for groups of electrons drifting in a gas of number density 
N under the action of an electric field E. Transport coefficients are 
usually measured as a function of the ratio of field strength to number 
density E/N. E/N is expressed in units of townsends, 1 Td := 10 volt cm .
However, measurements of transport coefficients in oxygen have 
been less extensive, particularly at low energies. The scarcity of 
experimental data is a direct result of the difficulty in making measurements 
in oxygen at low electron energies. This difficulty is caused by the ready
2attachment of electrons to oxygen molecules, forming negative molecular ions. 
Hence, an electron swarm in oxygen is rapidly depleted by attachment and a 
large background of negative ions is formed, so that the detection of the 
swarm becomes very difficult.
The development of a drift tube using a new electron detection 
method is described in this report. Not only can the new method 
discriminate between electron and negative ions, but it also can detect 
very small number of electrons. The use of this drift tube has 
significantly reduced the lower limit to electron drift velocity 
measurements in oxygen.
To derive the collision cross sections from experimental swarm 
data, a numerical solution of the Boltzmann equation is usually used to 
calculate corresponding data for trial cross sections. The trial cross 
sections are then adjusted until agreement is obtained. The solution of 
the Boltzmann equation is based on several assumptions which may not 
always be valid. In particular, the assumption is made that the level 
of the inelastic cross sections is much less than the level of the 
elastic cross section.
There has recently been considerable interest in the validity 
of the numerical procedure, and the level of inelastic cross section at 
which the assumptions start to break down. In conjunction with the 
experimental programme, a study was carried out using digital computers 
to simulate the motion of electron swarms in model gases. The values of 
the transport coefficients obtained from the simulations were then compared 
with those calculated by the Boltzmann solution.
The results of this study demonstrate that the inelastic cross 
section may be relatively large before the numerical procedure shows 
significant departures from validity.
3CHAPTER II
A BRIEF SUMMARY OF EARLIER EXPERIMENTAL DETERMINATIONS OF v J AND D /y ----------------------------------------------------------- a------T—
FOR LOW ENERGY ELECTRONS IN Q ?
The method of accurately determining elastic and inelastic cross 
sections from electron swarm data was pioneered by Frost and Phelps (1962). 
An initial set of cross sections, based on available theoretical and 
experimental data, is used in a numerical solution of the Boltzmann 
equation to calculate the electron energy distribution functions over a 
wide range of values of E/N. From these distribution functions data for 
the transport coefficients are calculated, and compared with experimental 
results. Adjustments are then made to the assumed cross sections in an 
attempt to obtain better agreement between calculated and experimental 
transport coefficients. When the agreement is judged to be adequate, 
the final cross sections form a set that is consistent with experiment, 
although not necessarily unique. The accuracy to which the fitting is 
justified depends on the accuracy of the experimental data, and the 
larger the range of energies for which data is available, the larger the 
energy range which can be accommodated in the treatment. As these 
constraints are tightened, there is generally a reduction in uncertainty 
in the energy dependences of the cross sections which form a consistent 
set predicting the transport coefficients over the whole range of swarm 
energies.
It is against this background that the present work was initiated. 
The study is an attempt to determine more extensive and more accurate 
electron drift velocities in oxygen to assist in the determination of more 
accurate elastic and inelastic cross section for the scattering of low 
energy electrons by oxygen molecules. Since experimental results for the
4electronic drift velocity in oxygen were taken only up to E/N =1.4 Td, the 
electrons had energies less than about 1.5 eV, and it is this range of 
energy which will primarily be considered.
As will be discussed in Chapter III, the measurement of electron 
drift velocities, v^, in oxygen is hampered by the considerable attachment 
of electrons to the gas molecules. This attenuates the electron swarms 
being studied until their detection becomes very difficult.
Attachment also causes problems for experiments designed to 
measure the other commonly obtained transport coefficient, the ratio of the 
transverse diffusion coefficient to mobility, D^/y, where the mobility y 
is itself the ratio of drift velocity to applied electric field, y = v^/E. 
The negative ions always present within the electron swarm form a 
background current which may be inseparable from the electron current, 
especially at low values of E/N.
Fig. II-l, after Hake and Phelps (1967), shows most of the
data for v, and Dm/y that were available in 1966. The solid curves are d I
the results of Hake and Phelps's calculations from their derived cross 
sections.
Since this paper was published, only two determinations of v^ 
have been made in pure oxygen, and no further D^/y measurements at low 
energies have been recorded. The two drift velocity papers, which will 
be considered here in some detail, are those of Nelson and Davis (1972) 
and Crompton and Elford (1973). Both of these papers are important, 
the former because it extends measurements of v^ in oxygen to the lowest 
values of E/N ever recorded, and the latter because of the precision of 
much of the data, and a comprehensive comparison with earlier 
experiments.
The work described by Nelson and Davis was based on an
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6adaptation of the Drift-Dwell-Drift (DDD) technique of measuring thermal 
diffusion coefficients (Nelson and Davis, 1969). The apparatus consisted of 
a time-of-flight (TOF) drift tube with a particle multiplier detector. No 
diagram of the apparatus was given, but Fig. II-2 illustrates a fore-runner 
of the tube (after Wagner, Davis and Hurst, 1967) .
The pulse of electrons was produced at the cathode by a pulse 
of UV light, and drifted down the tube under the influence of the electric 
field produced by setting the guard rings at appropriate potentials.
At values of E/N above about 0.5 Td the tube was operated as a 
normal TOF experiment, the drift velocities being inferred from the 
arrival-time spectra. For lower energies the field was initially maintained 
at a high value, and after some time reduced to the low value being studied 
for a further period, after which the high field was restored for the 
remainder of the transit time. The procedure, in effect, provides a short 
drift length at the low value of E/N to minimize attachment without 
introducing the end effects that would be incurred if a shorter drift 
tube was used. The dwell time in the low field regime was varied, and the 
drift velocity calculated by deconvoluting the arrival-time spectra 
obtained.
Because of the need to maintain the particle detector in a high 
vacuum, differential pumping techniques were used, there being three 
distinct regions of pressure as shown in Fig. II-2. In the drift region 
itself the pressure was kept at the desired value while a gas flow was 
maintained such that an amount of gas equal to the amount contained 
within the region passed through the system in about one minute. The 
electrons were sampled at a small aperture in the anode, and accelerated 
through the transition region which was separately pumped to a low 
pressure to minimize the amount of gas reaching the detection region.
7TRANSITION
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Fig. II-2. TOF electron drift tube with particle multiplier detection 
similar to the DDD tube of Nelson and Davis. From Wagner, 
Davis and Hurst (1967).
Oxygen
E/N (Td)
Fig. II-3. Low energy electron drift velocities of Nelson and 
Davis. Solid curve - Hake and Phelps (1967). After 
Nelson and Davis (1972).
8The electrons then entered the detection region, which was pumped to a 
high vacuum.
The arrival-time spectra were generated by timing the interval 
between the UV pulse, as detected by a photodiode, and an output pulse 
from the particle detector produced by the arrival of an electron. To 
ensure that the dead-time of the detector did not introduce any distortion 
in the measured arrival distribution, the experiment had to be run so 
that an electron reached the detector only in a very small proportion of 
the pulses. If two electrons were to arrive at the detector from a given 
pulse, the second electron would not be recorded by the system.
Ultra-high purity (99.9%) gas was used, and the chamber pumped 
to 0.03 Pa before each experiment. Measurements were taken at 300 K.
Fig. II-3 shows Nelson and Davis’s low energy data, compared to the 
computed drift velocities of Hake and Phelps.
Most of the data were taken at 0.53 kPa, although it is stated 
that pressures in the range 0.3 - 0.9 kPa were used. Tabulated data 
supplied by Nelson (1972) give drift velocities only for 0.53 kPa. No 
mention is made of pressure dependences, and no figures are quoted for 
uncertainties.
The work of Crompton and Elford was more conventional, using 
the well-known Bradbury-Nielsen TOF technique. In an effort to reduce 
the effects of diffusion at the low pressures used (see Ch. IV), the 
drift tube was made some 50 cm long. The collector consisted of two 
pieces - a central disk surrounded by an annulus - so that a check could 
be made of distortion in the swarms near the field rings. In tests in 
hydrogen, the distortion was found to be negligible. A radioactive-foil 
electron source with current amplification, similar to the source 
described in Ch. 3, was used to obtain stable currents for long-term 
measurements. The tube and source are shown in Fig. II-4.
9Fig. II-4. 50 cm drift tube used by Crompton and Elford (1973) to
measure'electron drift velocities in Oxygen. TC indicates 
thermocouples. Inset: detail of source. Can A contains -?4iAm 
a-source. B and C are extraction and multiplication meshes.
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Matheson Research Grade gas was used, and measurements made at
values of E/N ranging from 0.85 Td to 12.1 Td, at a temperature of 293 K,
and several pressures in the range 0.2 to 0.95 kPa. Fig. II-5, after
Crompton and Elford, shows the results obtained plotted as yN(= v ,/[ E/N] )d
vs E/N. The results are compared with several other sets of data.
Crompton and Elford found considerable pressure dependence in
their results even after they had corrected for the effects of attachment,
using the data of Grünberg (1969). This dependence, for which no
explanation was found, limited the quoted uncertainties at low values of
E/N, the estimated accuracies being 1% for 1.8 < E/N < 6 Td, 2% for
E/N > 6 Td and at 1.5 Td, 5% at 1 Td, and 10% at 0.85 Td.
Crompton and Elford excluded two sets of data from their
comparison because they are not true drift velocity measurements. These
are the data of Brose (1925), which were obtained by the Townsend magnetic
deflection method and are thus magnetic drift velocities vw , and those ofM
Healey and Kirkpatrick (1939, cited by Healey and Reed, 1941) for which 
no experimental details are given but which were thought to have been 
obtained by the method of Bailey (1930) using longitudinal magnetic 
fields. In both cases, the measured quantity can differ significantly 
from the true drift velocity.
Also omitted were the data of Bradbury (1933), because they 
were taken using the inaccurate method of Bradbury (1932) and show a 
large scatter, and those of Goodwin (1957) for which no experimental 
details were available.
In summary, Crompton and Elford found the. results of Nielsen 
and Bradbury (1937) to be 5-10% higher than their results, while those of 
Herreng (1952) are about 15% high at low values of E/N, approaching their 
data at E/N = 12 Td. The data of Doehring (1952) are significantly 
different from all the other data for E/N < 4 Td, but agree with Nielsen
11
cm sec volt)
■Crompton and Elford 
^Nielsen and Bradbury
+Ilerreng 
xPack and Phelps
Fig. II-5a. Experimental results for electron drift velocities in 
Oxygen. After Crompton and Elford (1973) .
12
cm sec volt)
■Crompton and Elford 
©Doehring
oFleming et al 
^Nelson and Davis
E /N  (Td)
Fig. II-5b. Experimental results for electron drift velocities in
,c Oxygen. After Crompton and Elford (1973).
13
and Bradbury for E/N > 4 Td.
The data of Chanin, Phelps and Biondi (1962) agree with the data 
of Crompton and Elford to within experimental error and hence are not 
shown in Fig. II-5. However the scatter in their data is ±5%. Pack and 
Phelps (1966) produced data which are in good agreement with Nielsen and 
Bradbury above E/N ~4 Td, but had large scatter below E/N = 4 Td, with 
a lower limit of about 1.5 Td.
An interesting experiment was that of Fleming, Gray, and Rees 
(1972) which was based on the addition of about 2% H 2 to convert 0 ions, 
formed by dissociative attachment, rapidly into H 2O, thus freeing the 
electron again. However, this technique is effective only in the range 
of energies where dissociative attachment predominates, i.e. above E/N 
-1.5 Td. These authors also quote unpublished results of Rees (1964).
Both their data and that of Rees are in substantial agreement with that 
of Crompton and Elford.
Finally, the data of Nelson and Davis agree, over the common 
range, with those of Crompton and Elford to within the error limits.
Hence the overall conclusion was that the most recent of the 
determinations of v^ (Fleming et al., Nelson and Davis, and Crompton and 
Elford) agree within their error limits, so that v^ appeared to be 
reasonably well known over the energy range common to these experiments. 
However the low E/N data of Nelson and Davis was unconfirmed, and the 
pressure dependence observed by Crompton and Elford showed that any 
future experiments in this regime should be made over a range of pressures 
to examine the importance of this effect.
The data for D^/y in oxygen are even more limited than those for 
drift velocities. In the low energy range, results have been reported by 
Brose (1925), Townsend and Bailey (1921), Healey and Kirkpatrick (1939), 
Huxley, Crompton and Bagot (1959), Rees (1965) and Fleming, Gray and Rees
14
( 1 9 7 2 ) .  I n  g e n e r a l ,  t h e  o l d e r  works  do n o t  a g r e e  w i t h  t h e  more r e c e n t  
d e t e r m i n a t i o n s .  F i g .  I I - 6  ( a f t e r  R e e s ,  1965) shows t h e  d a t a  o b t a i n e d  by- 
R e e s ,  compared  w i t h  t h e  e a r l i e r  d a t a ,  i n c l u d i n g  t h e  u n p u b l i s h e d  d a t a  o f  
Crompton and S u t t o n  ( 1 9 5 2 ) .
The m eth o d o lo g y  of  t h e  modern e x p e r i m e n t s  t o  m ea su re  D^/y i n  an 
a t t a c h i n g  gas  was d e v e lo p e d  by H ux ley ,  Crompton and B a g o t .  A s t r e a m  o f  
e l e c t r o n s  and i o n s  from t h e  s o u r c e  i s  a l l o w e d  i n t o  t h e  d r i f t  s p a c e  t h ro u g h  
a s m a l l  a p e r t u r e ,  and c o l l e c t e d  by an anode  w i t h  s e v e r a l  c o n c e n t r i c  
d i v i s i o n s .  T h i s  i s  s i m i l a r  to  t h e  method n o r m a l l y  u s e d  i n  o t h e r  g a s e s ,  
i n  t h a t  t h e  r a d i a l  c u r r e n t  d i s t r i b u t i o n  a t  a d i s t a n c e  from a p o i n t  s o u r c e  
i s  m ea s u red  by d e t e r m i n i n g  t h e  r a t i o  o f  t h e  c u r r e n t  f a l l i n g  on r e g i o n s  o f  
a d i v i d e d  a n o d e .  However, two m o d i f i c a t i o n s  a r e  n e c e s s a r y  b e c a u s e  o f  
a t t a c h m e n t .  F i r s t ,  i t  i s  n e c e s s a r y  to  a l l o w  f o r  t h e  f a c t  t h a t  a mixed 
s t r e a m  o f  e l e c t r o n s  and n e g a t i v e  i o n s  i n  unknown p r o p o r t i o n s  e n t e r s  t h e  
d i f f u s i o n  chamber  t h r o u g h  t h e  s m a l l  h o l e  i n  t h e  c a t h o d e  which  a c t s  a s  
t h e  s o u r c e .  The e f f e c t  o f  t h e s e  n e g a t i v e  i o n s  can be  e l i m i n a t e d  by 
m e a s u r i n g  t h e  c u r r e n t  d i s t r i b u t i o n  to  a n n u l a r  e l e c t r o d e s  s u r r o u n d i n g  an 
e a r t h e d  c e n t r a l  d i s k  wh ich  i s  l a r g e  enough t o  r e c e i v e  a l l  t h e  i o n s  
o r i g i n a t i n g  from t h e  s o u r c e .  Second ,  when a t t a c h m e n t  w i t h i n  t h e  d i f f u s i o n  
chamber  i s  n o t  n e g l i g i b l e ,  i t  i s  n e c e s s a r y  t o  m ea s u re  t h e  c u r r e n t  
d i s t r i b u t i o n  a t  two p r e s s u r e s  and a n a l y s e  t h e  d a t a  u s i n g  a t h e o r y  which 
r e l a t e s  t h e  c u r r e n t  d i s t r i b u t i o n  i n  t h e  mixed s t r e a m  t o  t h e  r a t i o  D^/y 
and t h e  a t t a c h m e n t  c o e f f i c i e n t  a , t h e  r a t i o  D / y  f o r  t h e  n e g a t i v e  i o n s
cl X
b e i n g  assumed to  b e  t h a t  g i v e n  by t h e  N e rn s t -T o w n s e n d  r e l a t i o n .  The 
l o w e s t  v a l u e  o f  E/N f o r  wh ich  D^/y h a s  b e e n  r e p o r t e d  i s  0 . 6  Td (Crompton 
and S u t t o n ) .
A d i ag ra m  o f  t h e  a p p a r a t u s  u s e d  by Huxley  e t  a l . ,  and by Rees ,  
i s  shown i n  F i g .  I I - 7 .  T h i s  t u b e  u s e d  a n o v e l  method o f  v a r y i n g  t h e
h
 (
v)
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Rees
X CROMPTON AND SUTTON 
D HEALEY AND KIRKPATRICK
A TOWNSEND AND BAILEY
E/N (Td)
Fig II-6. Experimental measurements of D^/y for electrons in
Oxygen. H.C.B. refers to Huxley, Crompton and Bagot. 
After Rees (1967).
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j - rotor
\  gear box
graduated drum
lead screw
10 cm
Fig. II-7. Variable geometry electron diffusion apparatus. The rotor
of an induction motor changes the position of the collector 
C by means of a lead screw. Electrons are emitted by the 
filament and enter the drift space through the small hole S.
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drift length to increase the range of data available. The rotor of an 
induction motor placed within the glass envelope was used to drive a 
reduction gearbox and lead screw. The stator coils were positioned 
outside the system. A full description of the construction is found in 
Crompton and Jory (1962).
In the work of Fleming et al., 1.7% H2 was added to the gas, for 
the reason previously outlined. Fig. II-8 shows their results and those 
of some earlier workers, including the data of Naidu and Prasad (1969) 
which extend above 16 Td and are in reasonable agreement with those of 
Huxley et al. The discrepancy between the data of Fleming et al. and 
those of Rees at low energies is attributed to the presence of 02 ions, 
which do not undergo a detaching reaction in the presence of hydrogen; 
the scatter in the results is a consequence of the use of a tube 
originally designed for work with ions.
Several of the workers reporting measurements of D^/p also 
show values of attachment and ionization coefficients. Attachment was 
also investigated by Chanin, Phelps and Biondi (1962) who were the first 
to show that attachment in oxygen becomes a 3-bodied process below 
E/N ~3 Td, and Grünberg (1969) who prepared extensive tables of attachment 
coefficients.
It is readily seen that the experimental data available for 
both v^ and D^/y in oxygen are either limited or of unknown accuracy. 
However, both the extent and accuracy of transport coefficient data are 
of prime importance in the determination of the cross sections for 
electron-gas interactions. The experimental results presented in this
report significantly extend the lower limit of electron drift velocity 
measurements in oxygen, and hence make it possible to derive more accurate 
collision cross sections at low energies.
(A) rt/
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J Fleming et al 
X Rees C 293 K)
▼ Noidu and Prasad (2 9 3  K) 
a  Brose (2S8 K) 
e Huxley et o/ (2 B 8  K)
6 8 10 6 0  80 100
E/N (Td)
Fig. II-8. Experimental measurements of D^/y. Fleming et al, 
Oxygen containing 1.7% Hydrogen. All others, pure 
Oxygen. After Fleming, Gray and Rees (1972).
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CHAPTER III
PRELIMINARY INVESTIGATIONS OF A NEW METHOD OF 
DETERMINING ELECTRON DRIFT VELOCITIES IN OXYGEN
Because of the high electron affinity of O2 (0.40 eV - Boness 
and Schulz, 1970) a significant problem in the measurement of electron 
drift velocities in oxygen at low energies is the loss of electron current 
due to attachment, and the subsequent rise in negative ion current. The 
proportion of electrons remaining in a swarm after time t is given by
-v tn a—  = e ,no
where is the attachment frequency
-a d a
where a = —  is the attachment coefficient, and d is the distance 
a Vd
travelled by the swarm.
At low energies the attachment is a three-body process. Fig. 
III-l shows the energy-level diagram for O2 and O2 as determined by 
Boness and Schulz. The interaction of a low energy electron with an O2 
molecule may lead to the formation of an O2 ion in a vibrationally excited 
state with v ’ ^  4. Thus
e + 02 - >< -
_ *02 .
These states are autodetaching but a subsequent collision with a third 
body, usually another oxygen molecule, may remove sufficient energy to 
cause a transition to a stable level, i.e. v 1 = 0, 1, 2 or 3. Thus
20
V * ' •  ■ • - •
_____ V  »4
INTERNUCLEAR SEPARATION (A)
Fig. III-l. Energy level diagrams for 0~ and 0„ (from Boness and 
Schulz, 1970)
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)2 + 02 02 + 02 
v'>4 v '<3 v=m
As the overall process is three-bodied, the dependence of the 
attachment coefficient a on gas number density N is as N2 at these
3.
energies. At higher energies, however, dissociative attachment 
predominates, that is,
e' + °2 ^ (°2>unstable + 0 + °" + KE ’
so that a varies with N (Chanin, Phelps and Biondi, 1962). The threshold
for dissociative attachment is about 4.5 eV.
Measurements of v^ at low E/N are usually made at relatively
high pressures so that the field voltage is large enough to render
negligible the effect of any contact potential differences down the drift tube
Hence the proportionality of a with N at low energies means that it8
becomes difficult, in a normal TOF experiment, to detect the severely 
attenuated electron pulses, especially against a large negative ion 
background.
In the usual drift tube experiment (see, for example, Fig. II-4) 
a pulse of electrons is introduced into the drift space by a shutter and 
sampled with a second shutter the timing of which, relative to the first, 
is adjusted for maximum current transmission. For Nielsen-Bradbury 
shutters, operated in synchronism with a sinusoidal signal, electron 
transmission occurs about the time of zero shutter potential. Hence, 
maxima will be recorded at frequencies f such that
f * » Vdj- 2 h ’ 19 ^ J 9 • • • • 9
where h = distance between shutters.
However, in oxygen, the decrease in electron current combined with the 
ion background, both from ions admitted at the first shutter and from
22
i o n s  fo rm ed  i n  t h e  d r i f t  s p a c e ,  makes t h e  d e t e c t i o n  o f  t h e  maxima due 
to  t h e  e l e c t r o n  p u l s e s  v e r y  d i f f i c u l t .  As we have  s e e n ,  Crompton and 
E l f o r d  w ere  o n l y  a b l e  to  m ea s u re  v^ down to  E/N = 0 . 8 5 ,  and even  a t  t h i s  
v a l u e  t h e  u n c e r t a i n t y  i n  t h e i r  r e s u l t  was r e l a t i v e l y  h i g h .
Crompton and E l f o r d  a n a l y z e d  t h e  f a c t o r s  l i m i t i n g  t h e  u s e
o f  c o n v e n t i o n a l  d r i f t  t u b e s .  From t h e i r  a n a l y s i s  i t  a p p e a r s  t h a t  n o v e l  
a p p r o a c h e s  su c h  a s  t h e  DDD method p r o v i d e  t h e  o n l y  hope  o f  e x t e n d i n g  
t h e s e  l i m i t s .  I t  was t h e r e f o r e  d e c i d e d  to  t r y  an u n c o n v e n t i o n a l  means 
o f  d e t e c t i n g  e l e c t r o n s  t o  r e p l a c e  e l e c t r o m e t r y  and t h u s ,  h o p e f u l l y ,  to 
im prove  t h e  s i g n a l - t o - n o i s e  r a t i o  to  a p o i n t  where  t h e  l o w e r  l i m i t  to  
d r i f t  v e l o c i t y  m e a su rem e n ts  c o u ld  b e  r e d u c e d .
One such  method i s  t h a t  u s e d  by C a v a l i e r i  and o t h e r s  ( C a v a l i e r i ,  
1969;  G ib s o n ,  Crompton and C a v a l i e r i ,  1973) to  d e t e c t  e l e c t r o n s  i n  
d i f f u s i o n  e x p e r i m e n t s .  A c o n f i n e d  volume o f  gas  i s  s u b j e c t e d  to  an  
i n t e n s e  RF f i e l d  o f  s h o r t  d u r a t i o n ,  p ro d u c e d  when a c a p a c i t o r  c h a r g e d  to  
s e v e r a l  kV i s  dumped i n t o  a c o i l  v i a  a t h y r a t r o n .  The f i e l d  h a s  a h i g h  
f r e q u e n c y  (~20MHz) and i s  v e r y  h i g h l y  damped, so t h a t  t h e  p u l s e  i s  o f  t h e  
o r d e r  o f  lyS i n  d u r a t i o n .  The e f f e c t  i s  t o  p r o d u c e ,  a b o u t  any f r e e  e l e c t r o n  
p r e s e n t ,  a s h o r t - l i v e d  RF glow d i s c h a r g e  so t h a t  t h e  i n t e n s i t y  o f  t h e  l i g h t  
f rom t h e  who le  o f  t h e  volume i s  p r o p o r t i o n a l  t o  t h e  number o f  e l e c t r o n s  
w i t h i n  t h e  volume when t h e  RF f i e l d  i s  a p p l i e d .
I n  t h e  C a v a l i e r i - t y p e  d i f f u s i o n  e x p e r i m e n t ,  t h i s  phenomenon i s  
u s e d  to  d e t e r m i n e  t h e  v a r i a t i o n  w i t h  t im e  o f  t h e  number o f  e l e c t r o n s  i n  a 
s m a l l  c e l l  a f t e r  a  s h o r t  i o n i z i n g  x - r a y  p u l s e  h a s  be e n  p a s s e d  th r o u g h  t h e  
c e l l ,  and  t h u s  t o  d e t e r m i n e  t h e  d i f f u s i o n  c o e f f i c i e n t .  However ,  t h e  
t e c h n i q u e  a l s o  l e n d s  i t s e l f  t o  e l e c t r o n  s a m p l in g  i n  o t h e r  c i r c u m s t a n c e s ,  
and h a s  t h e  v e r y  g r e a t  a d v a n t a g e  t h a t ,  s i n c e  i t  do e s  n o t  r e l y  on t h e  
d e t e c t i o n  o f  c h a r g e ,  i t  can  d i s c r i m i n a t e  be tw e en  e l e c t r o n s  and n e g a t i v e
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ions. Any ion, whether positive or negative, subjected to the sampling 
pulse is too massive to gain sufficient energy over the period of the 
sampling pulse to participate in any photon or electron producing events.
The technique does have its drawbacks, however. It is a one-shot 
sampling technique, and completely destroys the electron distribution that 
it is sampling. Accordingly, the test conditions must be re-established 
before a measurement is again performed. Another problem is that of 
long-lived metastable species formed in the detection avalanches. These 
can cause ionization in the detection volume for some time after the 
detection pulse, and if their effects are to be minimized, an upper limit 
on the repetition rate is unavoidable (see Ch. VI). Furthermore, both in 
the diffusion experiment and in the envisaged drift tube experiment, the 
number of electrons being detected is very small, and subject to large 
statistical fluctuations. This means that each sampling experiment must 
be repeated many times, and the results averaged, to achieve a satisfactorily 
small scatter in the final results.
To test the applicability of the pulsed RF electron density 
sampling technique to a drift tube, a prototype drift tube was constructed 
(Fig. III-2). Since this was to be a test-rig to determine the feasibility 
of the detection method, the tube was designed with this in mind, rather 
than as a means of extending the range of measurements. Hence, only a 
relatively short tube was built, not the longer apparatus that will later 
be shown to be capable of measurements at low values of E/N.
An americium-241 a-particle source (A) produces ionization in the 
gas contained within the source can (B). A small field drives electrons 
through the extraction electrode (C). Between the extraction electrode 
and the multiplying electrode (D), a high field produces secondary 
ionization and current mutliplication to boost the source current at low 
pressures where the primary ionization is not great. The amplified stream
24
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D
Fig. III-2. The prototype drift tube used to test the pulsed RF
electron detection method (full size). See text for 
description.
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of electrons then passes into the equilibration region, in which the same 
field is maintained as that in the body of the drift tube.
The Nielsen-Bradbury shutter (E) is normally kept closed so that 
no electrons or ions enter the drift space. At the appropriate time, the 
shutter is opened briefly to admit a pulse of electrons and ions, which 
then drifts and diffuses in the uniform field established by applying 
potentials from a divider chain to the guard rings (F). Lead shields (G) 
block y-rays from the 24-'-Am from entering the drift region and causing 
spurious ionization.
A predetermined delay after the shutter is opened, the RF pulse is 
applied to the sampling electrode (H). This creates a high field between 
the electrode and a fine mesh (I) across the midplane of the next guard 
ring. To produce the RF pulse, a high voltage charge is dumped into the 
primary of a coil, the secondary of which transfers the pulse to the 
sampling electrode. This is done so that in the absence of the RF signal 
the sampling electrode may be maintained at a potential appropriate to its 
position in the tube by connecting one end of the secondary to a point in 
the divider chain. The mesh is effectively held at earth potential during 
the application of the RF signal through the use of coupling capacitors.
The drift tube is housed in a stainless steel envelope, and a 
photomultiplier views the sampling region through a window in the can and the 
defining slits (J). A block diagram of the electronic circuitry is shown 
in Fig. III-3.
If any electrons are within the sampling region at the time that 
the sampling pulse ip applied, a light pulse will be produced, as outlined 
above. The output pulse produced by the photomultiplier is presumed to 
be proportional to the number of electrons within the sampling region at 
the time the sampling pulse was fired. The output pulses are amplified 
and shaped before being passed to a Canberra Industries Model 8040
26
ADC Data Out
Power Supplies
Drift Tube
PMT SignalVolt.
Div.
Shutter Pulse
ShutterSampling Pulse Signal
Sample
Trigger
Coupling
Coil
Preamp.
Shutter Amp.
Dynode
Chain
Thyratron
Circuit
Field
Source
Fig. III-3. Block diagram of the electronic circuitry used to operate the 
drift tube.
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Analogue-to-Digital Converter. The ADC produces a digital output 
proportional to the peak height of the input pulse. The 12-bit parallel 
data from the ADC is converted to an equivalent number of pulses in the 
Data Converter, whose operation is detailed in Appendix A. These pulses 
are passed to a scaler for display. After sufficient clearing time for 
the removal of metastables produced in the sampling pulse, the process is 
repeated until sufficient data have been collected.
The normal method of operation of the prototype is shown in 
Fig. III-4. Timing was determined by two pulse generators, giving 
repetition rate, shutter pulses, and sampling delay. The timing was set 
precisely by comparing the pulses with the output of a precision marker 
generator, using a CRO. After setting up the various parameters for an 
adequate response, a table of average response vs delay time was built 
up in the following manner.
The required delay was set, and the sampling sequence set up 
to run at 10Hz. The scaler would count the output of the Data Converter 
for 10 seconds, thus summing the responses over this time, briefly display 
the result, then reset to zero and commence counting again. The count was 
noted and, after 25 counts were obtained at each value of delay required, 
the average and standard deviation of the counts were calculated for each 
delay.
The delays were converted to times of flight by taking the midpoint 
of the shutter open time as the starting time. The time-of-flight for 
maximum response was estimated, and the drift distance taken to be the 
distance from the shutter to the midpoint of the sampling region. The 
drift velocity was calculated as the ratio of drift distance to the 
time-of-flight for maximum response, no account of diffusion errors 
being taken in this simple analysis.
The tube was initially used with N2, to determine operating
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EXPERIMENT 
(See Fig. III-3)
ADC Data Data
Converter
Shutter Signal
Sample Trig
Delay
Sig. Gen 
(Delay)
o + Shuttero
CRO
+ Counter
Sig. Gen.
„ (Shutter) 
Run - 10 Hz 
Set - Trig.—  T
Trig.
Marker
Generator
Fig. III-4. Block diagram of the operation of the prototype, showing how two 
signal generators were used to control the shutter and sampling 
pulses, and how a precision marker generator was used to set the 
timing.
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conditions, and proved to work well. However, when O2 was used no 
response was detected initially. Hence, mixtures of O2 and N2 were used 
to give a guide to the operating conditions needed for pure 02. The O2 
was Matheson Research Grade gas, while the N2 was bled off a liquid 
nitrogen storage tank and fed into the system through a liquid nitrogen 
cold trap.
As the proportion of O2 was increased, it became apparent that 
the main reason for difficulty in obtaining a response in O2 was the fact
that the light output from a sampling pulse was much less than in N2.
The addition of 10% N2 increased the light signal considerably over that 
from pure oxygen. r
Response curves were taken at 1.03 kPa and E/N values of 0.3,
0.5, and 0.8 Td for mixtures ranging from 0 to 100% oxygen. Only at 0.3 Td
was there insufficient sensitivity for results to be obtained at 80, 90 
and 100% O2. Some results were also obtained at 0.51 kPa, and these showed 
a significant difference from those taken at the higher pressure, 
indicating substantial end effects. Typical response curves are shown in 
Fig. III-5.
These preliminary results showed that the method of detection is 
able to extend significantly the lower limit of drift velocity measurements 
in oxygen. In the prototype, the limit to detection at 1.03 kPa was 
reached at ~0.5 Td, and at less than 0.3 Td at 0.51 kPa.
Results were also taken in mixtures at 20% 02:80% N2 to compare
with the data of Rees (1973) for electron drift velocities in dry air.
Rees was able to make measurements to 0.4 Td in air, and form an estimate
of the 0.3 Td value, before the effect of attachment to the oxygen 
component made measurements impossible. Fig. III-6 compares uncorrected 
drift velocity values from the prototype with Rees’s results. As can
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Shutter
Delay (yS)
Fig. III-5a. Response curves obtained with the prototype drift tube in 
Oxygen, i) E/N =0.5 Td. ii) E/N =0.8 Td.
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x> 2
Shutter
Delay (yS)
Fig. III-5b. Response curves obtained for 50% Oxygen in Nitrogen at 1.03 kPa. 
i) E/N = 0.3 Td. ii) E/N = 0.5 Td. iii) E/N = 0.8Td.
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Fig. III-5c. Observed response for 30% Oxygen in Nitrogen, p = 1.03 kPa, 
E/N = 0.3Td. No response is observed above the background 
after the shutter has closed, implying that negative ions 
admitted by the shutter are not detected.4» - EHT = 1.06kV, 
O  - EHT =1.12 kV.
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Fig. III-6. Electron drift velocities in air. Solid line - Rees (1973). 
•I» - uncorrected results from prototype.
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be seen, a significant extension of the lower limit to measurement was 
achieved.
Since the prototype had proved the feasibility of the pulsed RF 
detection method for measuring electron drift velocities in attaching 
gases, the design of a more refined tube was commenced.
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CHAPTER IV
THE DESIGN OF THE FINAL FORM OF THE EQUIPMENT
In designing the final form of the experiment, several points had 
to be considered.
The first problem was to choose an appropriate length for the 
drift space. The aim was to measure drift velocities at values of E/N 
well under 2 Td. In this region attachment is predominantly 3-body and 
we have, for the attenuation of electron current at drift distance h,
I/I = exp {-(a /N2)(V2/[E/N]2)/h} 
o a
where V = hE is the voltage across the drift space.
Errors due to diffusive effects are proportional to 3 = (D/y)/V 
(Huxley and Crompton, 1974), so one wishes to keep V as high as practicable 
to hold these effects to a minimum. Hence, it is seen that, for a given 
V and E/N, the current attenuation will be less in a longer drift tube 
with, of course, a correspondingly lower pressure.
This problem was investigated extensively by Crompton and Elford, 
and prompted their use of a 50 cm drift tube. Since the prototype, with 
a 12.5 cm drift space, had easily extended the limits of the 50 cm 
conventional drift tube, it was decided to also use a drift length of 
50 cm, as a compromise between the desirability of a long drift length, 
and the difficulties of building a large drift tube.
Another problem, which has several elements, is that of 
statistics. The nature of the technique demands long times for the 
completion of an experiment having a satisfactorily small scatter in 
the data points. However, long and short-term drifts in the sensitivity 
of the detection system made unsatisfactory the method of data collection
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used with the prototype. It was noted when using the prototype that a 
change of 2% in the HT supply to the pulse-forming circuit could change 
the observed response by up to 100%. Since the collection of data at 
each delay took over 5 minutes even when there was a good response, and 
considerably longer when the electron attenuation was higher, there was a 
strong possibility, and sometimes evidence, of significant changes in 
detection efficiency during the course of an experiment. To increase the 
statistical accuracy further would mean much longer experiments with even 
more chance of drifts in response due to mains voltage fluctuations or 
temperature dependent effects.
In addition, the manual operation of the tube required constant 
attention, placing a limit on the length of time an experiment could run 
and also on the amount of data that could be obtained over any lengthy 
period.
To overcome these problems, it was decided to automate the 
experiment as much as possible. This would have several benefits.
Firstly, since supervision would be reduced to a minimum, experiments 
with a total duration of more than two or three hours would be possible, 
with a corresponding decrease in statistical fluctuations in the results. 
Secondly, the experiment would be able to run almost continuously, 
maximizing the amount of information gained. Thirdly, automatic operation 
would allow the collection of data in such a way as to reduce the effects 
of drifts in detection efficiency. In the prototype experiment, a large 
number of samples was taken consecutively at each delay time before 
incrementing to the next value, but the range of delay times was stepped 
through once only. In the automated experiment, it was planned to take 
only one sample at each delay before incrementing the delay. Having 
completed the full range of delays the experiment would come back to the 
start and sweep through the range again, the process being repeated
37
until a large number of responses had been obtained at each delay. In this 
way, any variation in detection efficiency in the course of the experiment 
would equally affect the total response at each delay.
The major components of the automatic control system are a 
PDP-8e minicomputer and a BNC model 7020 Programmable Digital Delay 
Generator (DDG), as well as the ADC used with the prototype. The DDG 
is based on a 100 MHz crystal-controlled clock and a programmable counter, 
and can be set to give delays between lOnS and lOmS with lOnS resolution. 
Upon receipt of a trigger pulse, the DDG generates an "initial" pulse, 
and then a "delayed" pulse after the required delay. Fig. IV-1 shows a 
simplified block diagram of the control system.
A description of the PDP8-e control programme, and of the 
interface between the computer and the experiment, is contained in 
Appendices B and C. The computer is also used to control other experiments, 
chiefly the Cavalieri Diffusion Experiments (Gibson, Crompton and 
Cavalieri, 1973; Rhymes, 1976), and the control programme makes use of 
the operating system programme and several subroutines written by Gibson 
and Rhymes.
The computer is fed data from the control terminal to determine 
the start delay, the delay increment, the number of delays to be used, 
and the number of times the delay range is to be swept through. When an 
experiment is started, the computer clears the storage locations used to 
accumulate the running totals of the response data, and sends the data 
for the first delay to the DDG. The DDG is triggered by signals from a 
free-running clock whose rate is adjustable to vary the sampling rate.
The "initial" pulse triggers source and shutter pulse generators, while 
the "delayed" pulse triggers the sampling pulse, the coincidence gate 
on the ADC, and the interface which sends the ADC data back to the
computer.
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When the data is ready for transmission to the computer, the 
system signals an interrupt, and the computer services the experiment at 
the first available opportunity. The response data from the ADC is 
added to one memory location, and its square is added to another. The 
delay information is then updated, and sent to the DDG in readiness for 
the next sample.
If the delay range has been covered, the computer returns to 
the initial delay for another pass. When the required number of passes 
has been made, the experiment is halted.
Upon command, the computer prints out, at the control terminal, 
a table listing the delay times in yS, the average response for each 
delay, and the standard deviation for each response. To maximize the 
throughput, the programme can be modified so that printout is automatic 
at the end of an experiment, and a new experiment using the same input 
data is started without intervention by the operator.
The final form of the drift tube (Fig. IV-2) is similar to the 
prototype but has several important differences to overcome problems 
encountered both in the prototype and in preliminary experiments with the 
new tube itself. The 241Am radioactive foil is both stronger and longer 
than that used in the prototype and forms a ring of almost the full 
circumference of the source can to increase the amount of primary ionization. 
The extraction grid was placed as close as possible to the can for optimum 
current extraction, and the electrodes were arranged to shield the drift 
space from the radioactive source.
The guard rings, which were fabricated from brass tube in the 
prototype, were pressed from copper sheet so that a minimum of machining 
was necessary. The guard rings are also of a larger diameter to allow 
for greater diffusion in the longer tube.
40
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Fig. IV-2. The final form of the pulsed RF detection drift tube (see 
text) .
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Much care had to be taken in the shaping and positioning of the 
sampling electrode to avoid unwanted discharges to the guard rings. The 
grid defining the sampling region was made of the same material as the 
shutter - 0.075 mm diameter nichrome wires on a 0.4 mm pitch.
Initially, the baseplate was made from brass with hermetic-seal 
feedthroughs to the internal components soft-soldered in position, but 
trouble was experienced with light and gas leakage through the seals.
A new baseplate was therefore made from stainless steel with ceramic 
feedthroughs inserted using argon-arc welding. To reduce the number of 
feedthroughs needed, most of the divider chain resistors were encapsulated 
in a glass tube and placed within the stainless steel envelope. The seal 
between the envelope and the baseplate was made with a gold wire 0-ring.
An MKS model 170M capacitance manometer is used to measure the 
pressure within the envelope. This was calibrated with a double dead-weight 
tester (Gascoigne, 1972). To overcome difficulties caused by the formation 
of impurities during experiments (see Ch. V), a flowing gas system was 
also installed (Fig. IV-3).
Matheson Research Grade gas is admitted to the system through
a Matheson regulator, a Granville-Phillips servo-controlled leak value,
and a liquid nitrogen cold trap. The gas is pumped out of the system
through another cold trap and a manually operated Granville-Phillips leak
-3valve. This leak valve is set to give a flow rate of about 3 * 10 
atmospheric litres/min. The servo valve is controlled by a Granville-Phillips 
Series 216 Flow/Pressure controller which monitors the output from the MKS 
manometer and adjusts the servo-valve to keep the required pressure to 
within 0.4 Pa. The volume of gas within the envelope is about 45 litres.
The field voltage for each experiment is set using a Fluke model 
891 Differential Voltmeter, while the gas temperature is inferred from the 
temperature of the envelope which is normally 293 ± 1 K, varying by less 
than 0.2 K during an experiment.
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Fig. IV-3. The flowing gas system used to flush impurities out of the 
drift tube during experiments (see text)
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CHAPTER V
DIFFICULTIES ENCOUNTERED IN OPERATING THE EQUIPMENT
When the final form of the apparatus was commissioned it was 
tested using N 2 . Some early response curves are shown in Fig. V-l. The 
parameters used to obtain these results were:
p 1.3432 kPa
T 293.7 K
E/N 1.0 Td
Shutter
open time = 0.25 - 1.75
Rep rate = 4 Hz.
The results were analyzed using the least-squares fitting
programme described in Ch. VI, and the following results obtained:
Expt. No. No. of Counts vd dl Amplitude Noise
(105cm s *) (104 cm2 s 1) (arbitrary) (arbitrary)
J15 4000 4.334 2.503 0.4187 -0.07116
J16A 2000 4.346 1.598 0.3081 -0.01522
J16B 2000 4.353 1.877 0.2373 -0.02243
J16C 2000 4.358 1.931 0.3090 -0.03273
The drift velocity quoted by Huxley and Crompton (1974) for this value of 
E/N is 4.43 x 105 cm s
One can see from these experiments, which were taken in sequence 
using the same sample of gas, that there is a slight increase in drift 
velocity with time. This increase is due to the accumulation of impurities, 
such as H2O, which have low-threshold inelastic excitation channels. The
effects of these impurities is to lower the average energy of the electron
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Fig. V-l. Response peaks obtained in Nitrogen at 1.0 Td (see text).
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Fig. V-2. Response peak obtained in Oxygen at 0.6 Td (see text).
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swarm, thus raising the drift velocity.
Part of this accumulation was due to leaks in the envelope of the 
apparatus, but even when these were eliminated, a drift in the value of v^ 
was still evident. That this was due, to some extent, to outgassing from 
the tube components was shown by the following test. Firstly the envelope 
was mildly baked for ~70 hrs at 50°C. The equipment could not be heated 
much beyond this point due to the materials used in its construction.
A sequence of experiments taken before the bakeout gave a time 
dependence of the drift velocity, at 1.0 Td, of
v, = (4.331 x 105 + 260t) cm s *,d
where x is the time, in hours, from the introduction of the gas sample. 
After the bake, a similar sequence of experiments gave a dependence of
v, = (4.329 x 105 + 19x) cm s *.d
After the installation of the stainless steel baseplate with ceramic 
feedthroughs, this sequence was again repeated, giving a dependence of
Vj = (4.402 x 105 + 3.8t) cm s"1,d
which was judged to be negligible.
Experiments were then performed with 02 and, as with the 
prototype, a considerable difference in behaviour between N2 and 02 
was observed. To detect the light pulses in N2, a PMT potential of 
450V was used, while for 02, this needed to be increased to 675 V. For 
the EMI 9789B 13-stage PMT used, this corresponds to an increase in 
sensitivity from -0.15 A/lm to -20 A/lm, i.e. a change of more than two 
orders of magnitude.
To test if there was any appreciable ultra-violet content in the 
02 emissions (the PMT has a borosilicate window and is insensitive to light
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with a wave length less than 3100 R), a thin layer of sodium salicylate 
was painted on the outside of the quartz viewing window. Any UV light from 
the discharge can pass through the quartz window and would produce 
luminiscence in the sodium salicylate. However, no increase in signal 
was observed.
The signal-to-noise ratio in O2 was also appreciably smaller, 
due largely to a very high background. The response curve for a typical 
experiment of 2000 counts at E/N =0.6 Td, p = 0.4133 kPa is shown in 
Fig. V-2. Analysis of these results gave a figure for noise of 0.32, 
out of a maximum response of 0.44. The explanation of this phenomenon 
will be discussed later in the chapter.
Finally, there was a considerable time-dependence in the results, 
implying the production, or outgassing, of an impurity. Several points 
were noted about this problem:
(i) if a liquid nitrogen cold trap was placed in the system, 
the rate of rise of drift velocity was reduced;
(ii) isolating the tube from the pump for 14 hours before 
introducing the gas sample produced a time dependence 
(i.e. initial value and rate of change) similar to that 
obtained when the tube was filled immediately after 
pumping provided that time was measured from the time 
that gas was admitted to the system in each case; and
(iii) admitting the gas to the tube but not starting the experiment 
for 20 hours produced a time dependence similar to that 
obtained when the experiment was commenced immediately 
after filling, again provided that time was measured from 
the time that gas was admitted to the system in each case.
From these observations, it was concluded that:
47
(i) impurities are produced within the tube;
(ii) at least some of the impurities are condensable;
(iii) the impurities appear to be produced only in the presence 
of O2 ; and
(iv) the sampling discharges are not the cause of impurity 
production.
Because there is a large flux of energetic particles in the 
source region of the tube, it seems likely that at least part of the 
impurity is water vapour produced in a reaction between the O2 and H2 
from the stainless steel envelope. This may occur in a surface reaction 
when excited oxygen species strike the walls of the container. That the 
effect is not due to a volume reaction can be seen from the test described 
below, where the amount of permanent gas impurity collected, after the 
tube was evacuated and sealed for 36 hours, was not sufficient to have 
produced the amount of impurity observed when the tube was filled with 
oxygen.
It was also noted that the variation in drift velocity with time 
was greater at lower values of E/N. For example, at E/N =1.0 Td, 
p = 0.3306 kPa, the variation was -0.06 %/hr; at 0.8 Td, 0.4133 kPa,
-0.08 %/hr; and at 0.6 Td, 0.4133 kPa, -0.2 %/hr. This is probably due to 
the fact that at lower swarm energies less excitation of the vibrational 
states in O2 takes place, since a greater proportion of the electrons are 
below the thresholds for vibrational excitation. Hence the introduction 
of a further inelasti° loss mechanism via the impurities has a greater 
thermalising effect than at higher swarm energies where the vibrational 
excitation already provides a significant energy loss process.
A further series of investigations was carried out to determine 
the character of the impurities.
48
(i) After one 0.33 kPa sample of oxygen had been in the system 
for -160 hrs, and the liquid nitrogen trap had been in 
position for the last 20 hrs of this time, the gas was 
pumped out of the tube, the tube sealed, and the trap 
allowed to warm. The pressure in the tube rose initially
by 0.13 Pa, and then a further 0.4 Pa as the trap approached 
room temperature.
This implied a production of condensable impurities of about 
10 ppm/hr. The trap was again cooled, and the pressure 
dropped to zero again. It is unlikely that any of the 
condensed matter was O2 , since the vapour pressure of 
oxygen at 77 K is about 10 kPa, but to check this 
possibility the liquid nitrogen cooling the trap was 
replaced with liquid oxygen. No pressure rise was observed.
(ii) The trap was again allowed to warm, and the impurities 
pumped out. The tube was then isolated and left for 
36 hours. A pressure rise of 0.02 Pa was observed in 
this time, and this fell to 0.011 Pa when the trap was 
cooled. This test showed once more that most of the 
condensable impurities were produced only in the presence 
of oxygen. It was considered that the two main fractions 
were probably CO2 and H2 O.
(iii) the trapping test was again carried out after a 0.33 kPa 
sample of nitrogen had been in the tube for 100 hours.
The levels of the two main fractions were found to be
0.13 Pa and 0.04 Pa respectively, or a total impurity level 
of 160 ppm. This implies a rate of accumulation of impurities 
of about one sixth of that in the presence of oxygen, and
comparable to that with the tube evacuated.
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In an attempt to alleviate this problem, the flowing gas system 
described in Ch. IV was installed. This approach has been successful in 
reducing the impurity levels. Fig. V-3 shows drift velocities that were 
obtained in N2 at a pressure of 0.33 kPa and E/N of 0.606 Td. The flowing 
system was turned on 27 hours after the experiments were started, the time 
to flow through an amount of gas equal to that contained within the 
envelope being ~85 mins. There is a significant change in the time 
dependence of the drift velocity after the gas flow was started, indicating 
that the flow was flushing out impurities. The impurity levels for these 
experiments in nitrogen were higher than those considered negligible 
earlier in this chapter because the tube had been open to the atmosphere 
several times in the intervening period and had not been baked.
Fig. V-4 shows the results of a similar sequence of experiments. 
However, for this sequence, the tube was only pumped to ~0.2 Pa with a
rotary pump before starting the experiments, whereas it had been pumped to
-5~10 Pa with a sputter-ion pump before the previous series. The gas
flow was on for the whole of this sequence. The trend of drift velocities
with time indicates that the gas sample started with a high level of
impurity which was subsequently reduced by the gas flow.
Similar effects were observed in oxygen. Fig. V-5 shows results
obtained in O2 at p = 0.4133 kPa and E/N = 0.6 Td. At this stage, the
electron pulses were being formed by pulsing the source, for reasons
described later in this chapter, so the variation in the time of maximum
response, t , is plotted as a function of time since the drift velocity m
is not readily calculable for this mode of operation. The source pulse
was about 4 yS in duration. The value of t shows a decrease over them
first 40 hrs, after which the flow was started. During the next 20 hrs,
t rose again to the initial value. This indicated a rise in v, during m d
the static period as impurities collected within the system, and a
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Fig. V-3. Time dependence of drift velocity in Nitrogen showing the effect 
of flowing fresh gas through the system. E/N = 0.606 Td.
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Fig. V-4. Time dependence of drift velocity in Nitrogen, showing the effect 
of flowing fresh gas through the system after inadequate pumping 
(see text). E/N = 0.606 Td.
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Fig. V-5. Time dependence of the time of maximum response t in Oxygen,
showing the effect of flowing fresh gas through tlie system (see text). 
p = 0.41 kPa, E/N = 0.6 Td.
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subsequent fall as the gas flow reduced the impurity level again.
The problem of a high noise level in the 02 experiments was a 
source of some concern, and considerable effort was spent in trying to
eliminate it. It was found that a similar phenomena occurred in N2 at low
pressures, but it had not been previously identified since most of the 
experiments in N2 had been conducted at higher pressures. However, the
noise level in 02 was considerably higher than that in N2 under the same
conditions.
It was noted that the noise was directly related to source 
conditions. By observing the noise signal with the shutter not being 
pulsed opened, it was found that the noise disappeared when the polarity 
of either the extraction potential or the multiplication potential was 
reversed.
It was also found that if the multiplication potential was 
reduced, the signal-to-noise ratio improved. Fig. V-6 shows the results 
obtained for two experiments at 1.0 Td in 02 with p = 0.72 kPa. In the 
first (S16) the multiplication potential was 200 V; in the second (S14) , 
it was reduced to 100 V.
The conclusion reached after these observations was that the 
amplification region of the source was producing photons or metastable 
species which could pass through the closed shutter, producing ionization 
within the drift space and thus causing a background current.
One attempted solution was to run the source in a pulsed mode.
A simple pulser was made from an operational amplifier and a dual power 
supply (Fig. V-7). This was connected to the extraction electrode, with 
the output connected to the source can and the input fed from the shutter 
pulse amplifier. This device varied the extraction potential between +15 V, 
to cut off the source completely, and -15 V, to extract the electrons. The
shutter was left continuously open.
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Fig. V-6. Response curves obtained in Oxygen at 1.0 Td.
a) S16 - 200V multiplication potential.
b) S17 - 100V multiplication potential.
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Fig. V-8 shows the response curves taken at 0.33 kPa and 0.5 Td 
with the two configurations mentioned above:
(a) Normal operation. Continuous source, shutter 3.5 yS,
200 V multiplication potential.
(b) Extraction pulsed from +15 V to -15 V for 3.5 yS, 200 V 
multiplication potential, shutter open.
The improvement in signal-to-noise ratio was dramatic. It was 
therefore decided to use a pulsed source extraction voltage to "illuminate” 
the shutter with an electron flux during a time interval only just spanning 
the shutter open time. It was thought that this reduction in duty-cycle 
of the source would reduce the background current, and hence reduce the 
observed noise. While the control electronics were being constructed, a 
series of investigations was carried out using the simple source pulser 
described above, and it was found that good response peaks could be 
obtained down to 0.2 Td at 0.41 kPa.
Fig. V-9 shows response curves obtained in O2 with both source 
and shutter being pulsed, the source from T = 0 to T = 6 yS, and the shutter 
from 4 to 6 yS; the experimental conditions were E/N = 0.849 Td and 
pressures of 0.19 and 0.93 kPa.
However, it was subsequently discovered that response peaks could 
be obtained in O2 even when the shutter remained permanently "closed", 
that is, shutter transmission appeared to remain high even when the biasing 
potential was applied.
Part of this problem was ascribed to insulating layers on the 
surface of the shutter wires. Measurement of the current to the sampling 
electrode under static conditions showed some current leaking through the 
closed shutter, but when the shutter potential was removed the increase in 
current was slow with a time constant of several minutes. It was thought
that the surface layers had quite a high resistance and charged up with
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Fig. V-7. The simple pulser used to switch the extraction potential between
+15 V and -15 V. The pulser and a double power supply were arranged 
so that the circuit ground was connected to the extraction electrode.
Delay (yS)
Fig. V-8. Improvement in signal-to-noise ratio in Oxygen obtained by pulsing 
the source instead of the shutter, a) Pulsed shutter, b) Pulsed 
source.
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Fig V-9. Response curves obtained in Oxygen with both source and shutter pulsed 
(see text). E/N = 0.849 Td. i) p = 0.19 kPa. ii) p = 0.93 kPa.
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incoming electrons and ions to a sufficient potential to keep the shutter 
closed. Upon removal of the shutter potential, leakage of the surface 
charge was sufficiently slow to cause the observed time response. Hence, 
the shutter was not opening at all, except for the leakage, during the 
course of an experiment. The insulating layers probably formed during a 
bake of the system when the impurity concentration inside the envelope 
was high.
However, when the shutter was cleaned and regilded the problem 
of current leakage through the closed shutter was still evident, though 
the effect of the insulating layers was no longer present. Further 
measurements of the current to the sampling electrode showed that, at 
0.41 kPa with a 200 V multiplication potential, the 16 V shutter bias 
cut off only 40% of the current, while with a 50 V multiplication 
potential 95% of the current was cut off. At 200 V multiplication 
potential, about 50 V shutter bias was needed to cut off all the current. 
When the equilibration region between the source and shutter was given 
a reverse potential to prevent electrons reaching the shutter, negligible 
current was measured down the tube.
These tests showed that the original attribution of the background 
current to photons or metastable species passing through the shutter was 
wrong. The effect is, in fact, due to high energy electrons from the 
avalanche region of the source which do not have sufficient time to reach 
equilibrium with the field and hence have sufficient energy to penetrate 
the shutter. At a pressure of 0.41 kPa, the value of E/N within the 
multiplication region is about 1900 Td for a 200 V notential, so the 
average energy of electrons leaving the region is quite high. Schlumbohm 
(1965) gives a value of D^ /y of about 12 V for this value of E/N. While 
this measurement is based on a pulsed-avalanche technique, and so may
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not have a high accuracy, the result does give an indication of the 
energies of the electrons leaving the source.
Since the solution to this problem would require further 
modifications to the tube, it was decided to bypass it initially by using 
the pulsed source to create the electron groups for the experiment. Then, 
if time permitted, a solution would be attempted. However, there are two 
complications with the pulsed source method:
(a) since the pulsing is applied to the extraction voltage, 
and the electrons must first drift out of the source can 
and then through the multiplication region, the time of 
formation of the pulse of electrons is not as well known 
as that for a properly operating shutter;
(b) the cause of the problem being circumvented are electrons
from the source which do not have time to come into
equilibrium with the field before reaching the shutter.
Hence these electrons travel some distance down the tube
with a speed different from v,, introducing an endd
effect of unknown magnitude.
To overcome these complications, a differencing technique was 
used. Measurements of transit times for the electron pulses were made 
with the original tube over a range of E/N from 1.4 Td to 0.14 Td at 
four pressures. The tube was then shortened by 20 cm and the experiments 
repeated under identical conditions. The drift velocities were then 
calculated from the differences in transit times and drift distances.
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CHAPTER VI
OPERATION OF THE TUBE, AND EXPERIMENTAL RESULTS
The timing diagram (Fig. VI-1) illustrates the method of operation 
of the tube as it was originally set up for fixed-length experiments.
The DDG is triggered by the free-running clock and generates 
initial and delayed pulses separated by the required delay D. The initial 
pulse triggers the source and shutter pulse generators which supply signals 
to their respective amplifiers. In the example illustrated the source 
pulse is 10 pS in duration and the length of the shutter pulse, S, is 5 yS, 
starting at T = 5 yS. The source amplifier switches the biasing of the 
source can from + 30 V, when no electrons can escape from the can, to 
- 30 V, when electrons are extracted into the multiplication region. This 
creates a pulse of electrons of about 10 yS duration which drifts towards 
the shutter under the action of the field.
The typical transit time for the pulse to cross the 2.5 cm 
equilibration region between the source and the shutter is about 3 yS, so 
the arrival time of the pulse of electrons at the shutter is from about 
T = 3 yS to T = 13 yS. The shutter amplifier, which normally holds the 
alternate shutter wires at ± 8 V from the potential appropriate to their 
position in the tube, removes these voltages from the wires for the 
duration of the shutter pulse. This allows the passage of a 5 yS pulse 
of electrons selected out of the 10 yS pulse arriving at the shutter. 
Because of the construction of the shutter, and the specifications for 
the switching time of the shutter amplifier which are much more stringent 
then those of the source amplifier; the pulse formed at the shutter is 
more sharply defined than the original pulse formed at the source. Under 
the action of the field, the pulse now drifts down the tube towards the
detection region.
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The DDG delay pulse, at time T = D, triggers the thyratron 
firing circuit which applies the RF sampling pulse to the detection 
region. Any signal from the PMT is amplified and fed to the ADC. The 
ADC is triggered in the coincidence mode by the delayed pulse, to avoid 
conversion of noise signals, and the output of the ADC is passed to the 
computer for processing. Delay information for the next sample is fed 
back to the DDG, and the sequence repeated on the next trigger from the 
clock.
The analysis of the response data obtained when the tube is 
operated in this manner, or when it is operated in the earlier mode with 
a continuous source current, is based on a numerical fit to a theoretical 
response curve. This assumes that the pulse formed at the shutter is 
sharply defined and of uniform intensity. Neither of these assumptions 
is unreasonable, given the method of operation. Another assumption is 
that the measured response is proportional to the number of electrons 
within the detection region. Again, this is a reasonable assumption 
given the success of the detection technique in measuring thermal 
diffusion coefficients for electrons in a number of gases (Gibson, 
Crompton, and Cavalieri 1973; Rhymes 1976). While the linearity of the 
photomultiplier amplifier and ADC was not explicitly tested, departure 
from linearity was not considered a source of error as the averaging 
of a large number of responses would tend to remove the effect of any 
non-linearity. Again, in light of the performance of the diffusion 
experiments, the non-linearity of the detection chain is expected to be 
small.
Two further assumptions, that the shutter had zero transmission 
when closed, and that the pulse from the source is everywhere in 
equilibrium with the field, were not met at low pressures in oxygen 
and nitrogen and for this reason this mode of operation was abandoned.
63
N e v e r t h e l e s s  t h e  f o l l o w i n g  a n a l y s i s  a p p l i e s  to  t h e  h i g h e r  p r e s s u r e  
m ea s u rem e n ts  i n  n i t r o g e n ,  and w i l l  be  a p p l i c a b l e  i n  oxygen  when t h e  
p r o b le m  o f  e n e r g e t i c  e l e c t r o n s  from t h e  s o u r c e  i s  s o l v e d .
For  a d e l t a - f u n c t i o n  p u l s e  o f  e l e c t r o n s  d r i f t i n g  i n  t h e  
z d i r e c t i o n  from a p o i n t  s o u r c e  on an a b s o r b i n g  c a t h o d e  ( i . e .  t h e  c l o s e d  
s h u t t e r  i n  t h i s  c a s e ) , t h e  d i s t r i b u t i o n  o f  e l e c t r o n s  a s  a f u n c t i o n  o f  
t im e  t ,  d i s t a n c e  z and r a d i a l  d i s t a n c e  p i s
n ( t , z , p )
nQ e x p ( -  p 2/4 D ^ t )
( 4 tt DTt )  ( 4 7T DLt )  d
( z - v  t ) 2 z r d !_  exp [ ------------------ ]
4D t
l_i
w here  Dr^, and a r e  t h e  t r a n s v e r s e  and l o n g i t u d i n a l  d i f f u s i o n  c o e f f i c i e n t s ,  
r e s p e c t i v e l y ,  and n^ i s  t h e  number o f  e l e c t r o n s  i n  t h e  p u l s e  (Hux ley  and 
Crompton,  1974 ) .
To o b t a i n  t h e  d i s t r i b u t i o n  o v e r  a p l a n e  a t  a d i s t a n c e  z f rom 
t h e  c a t h o d e ,  i n t e g r a t i o n  o v e r  p y i e l d s
n ( t , z )  = 2 tt n ( t , z , p ) dp
( z - v  t ) 2
Z r d  I
c —;i n exp 1" ~4v E— 1 .v . t  Ld
where  C i s  a c o n s t a n t .
I n  an  a t t a c h i n g  g a s ,  t h i s  e x p r e s s i o n  must  be  f u r t h e r  m o d i f i e d  
to  t a k e  a c c o u n t  o f  t h e  l o s s  o f  e l e c t r o n s  t o  a t t a c h m e n t ,  i . e .
n ( t , z )
( z - v  t ) 2z r d
“ 372 exP 1 " TFT7-----
where  v i s  a t h e  a t t a c h m e n t  f r e q u e n c y .
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To include the effect of both the finite length of the detection 
region and the finite open time of the shutter, a reasonable approximation 
to the response of the experiment can be obtained by calculating the number 
of electrons in the detection region as a function of t where t is 
measured from the midpoint of the shutter open time. Thus we have
R' (t)
b t+S/2
' c
n(t,z) dt dz ,
a t-S/2
where a and b are the limits of the detection region. To include the 
effect of the absorbing anode formed by the pulsing electrode, a further 
term should be included in n(t,z) to make n(t,b) = 0. However, in 
practice it was found that the distance from b over which this affected 
n(t,z) was small compared to the length of the detection region 6 = b-a. 
Hence the effect on R’(t) of neglecting this term was found to be 
negligible.
The expression for R’(t) is not amenable to easy analysis. To
find t (the time of maximum response) analytically, one needs to make m
several simplifying assumptions, so that the resulting expression for t^ 
is of doubtful applicability. The procedure adopted for finding the drift 
velocity from a given set of response data was therefore to use a 
least-squares numerical fitting programme to fit to the data a theoretical 
response
R(t) = AR’(t) + n ,
where A and n are adjustable constants representing a normalization factor 
and noise respectively.
If we have N data points with y_^  the measured response at time 
t., the function to be minimized isl
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G
N
l U(t.) - y J 2 , 
i=l
i. e. G(v_, >Dt ,v ,A,n) d L a
N
= £ [ n + AR’ (t.) - y .] 2 .
i=l 1 1
At the minimum, all partial derivatives ——  (x. = v,,DT,v ,A,n)ox. l d L al3G 3Qwill be zero. However, only —  and -r—  are easily evaluated:dA 3n
and
9G
9A I 2n + AR’(t ) - y R' (t ) i=l
and 3G8n I 2[ n + AR’ (t ±) - yJ .i=l
Then
8G
8n 0 —>  n
N
l y.
i= 1 '
A I R'(t ) 
i=l
f f  = ° = >  A8A
[ l yJ[ l R* (t.)] - N I yA R ’ (t )
i=l 1 i=l 1 i=l
N N
[ I R' (t.)] 2 - N I [R’(t.)l 
i=l 1 i=l 1
A fractional-least-squares method was also used, minimizing 
the function
N n+AR'(t.)
G’(v DL’V A’n) = \ l— y ^ - 112>i=l l
but the results obtained did not differ significantly from those obtained 
by minimizing G.
Using the above expressions for A and n, values of A and n can
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be computed to minimize G for any given set of X = (v ,D ,v ). To find theQ ]_j cl
true minimum of G requires that a search be made of all X. A search routine
which has proven successful in this instance was written by Huang (1976).
It was found that while S was quite sensitive to changes in v,,d
it was relatively insensitive to changes in D , and almost entirelyLi
insensitive to changes in v . Thus, although values of v, could be obtaineda d
with little uncertainty, the values calculated for D were not consideredLi
accurate, and any values obtained for v were almost meaningless. Thiscl
effect has also been observed in the analysis of the Flinders University 
hydrogen experiment (e.g. Blevin, Fletcher and Hunter, 1976; Hunter, 1977) 
where the distribution of electrons in a drift tube at high E/N, both 
temporally and spatially, was deduced from observation of the distribution 
of photons emitted as the swarm excites the gas molecules. Hunter reports 
that values of D obtained from analysis of the experimental results haveLi
an uncertainty of up to 20%, while values of drift velocity have an 
uncertainty of only 2-5%.
Because of the insensitivity of G to changes in v , a value ofcl
v was usually assumed (e.g. from Chanin, Phelps and Biondi, 1962), and
cl
fits made by varying only v and D . The observed change in drift velocityCl Li
with time (Ch. V) moves the position of the response peak during the 
course of an experiment, so that the peak obtained from a long experiment 
is broader than that from a shorter experiment. Combined with the 
insensitivity of the fitting procedure to D , this meant that valuesLi
obtained for D often showed considerable scatter. The values obtainedLi
for v^, however, were very consistent, representin& the average drift 
velocity during the course of an experimental run. Small change of v^ 
with time were thus readily observed (See Ch. V).
When the decision was made to operate the tube by pulsing the
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source only, the shutter amplifier was disconnected so that the pairs of
shutter wires reached the potential of the top guard ring, to which they
are connected by 25S7 amplifier load resistors. This method of operation
meant that the above analysis could not be used, since the timing of the
pulse of electrons leaving the source is not accurately known, and since
the electrons are not in equilibrium with the field until they are some
distance away from the source. The differencing technique that was used
relies on the conditions in two experiments being identical, with the only
difference being the change in drift length. If the change in drift length,
and the change in time of maximum response t are known, the uncertaintiesm
introduced at the source are eliminated, as also are any end effects 
introduced in the sampling region.
To obtain t for each set of results, a third degree polynomial m
in delay time was fitted to the response data, and the polynomial then 
differentiated to find the position of the maximum. A third degree 
polynomial was chosen because the fitting of higher order polynomials 
usually leads to curves which exhibit structure, due to the presence of 
the higher order terms. Third degree polynomials produce curves which 
are generally smooth in the region of interest, but still capable of 
accommodating asymmetry in the response peak if it is present. The 
polynomial curve fitting procedure was programmed by Hewlett-Packard 
and run on a hp9820A programmable calculator. Some typical curves 
obtained are shown in Fig. VI-2.
Whereas in the method of fitting experimental results described 
above, data obtained across the whole of the response peak, extending to 
the wings on each side of the peak, are necessary to account for the 
effects of noise, in the differencing technique only the position of the 
maximum is required, so data collection was restricted to the portion of
the response curve immediately adjacent to the peak. If the full,
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0*14 Td 
0-41 kPa
i) x 10
Source
Delay (yS)
Fig. VI-2. Response curves obtained with the final form of the drift tube, 
showing the 3rd-degree polynomials used to find t . 
a) Oxygen, p = 0.41 kPa, E/N = 0.14 Td. i)Long tube,m2000 counts.
ii) Short tube, 1000 counts. Note the difference in the responses. 
The data in i) show more scatter than was usually observed. In 
general, at least 3 such curves were obtained under each set of 
experimental conditions and the values of t averaged.
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0*2 Td 
0*4! kPa
Source
Delay (yS)
Fig. VI-2b. Response curves obtained in Oxygen for p = 0.41 kPa, E/N =0.2 
i) Long tube, 4000 counts, ii) Short tube, 1000 counts.
Av
er
ag
e 
re
sp
on
se
 (
ar
b.
)
70
0-2 Td
0-33 kPa
i) x 5
Delay (yS)
Fig. VI-2c. Response curves obtained in Oxygen for p = 0.33 kPa, E/N = 0.2 Td. 
i) Long tube, 4000 counts, ii) Short tube, 1000 counts.
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1*4 Td 
0*53 kPa
Source
Delay (yS)
Fig VI-2d. Response curves obtained in Oxygen for p = 0.53 kPa, E/N = 1.4 Td. 
i) Long tube, 2000 counts, ii) Short tube, 1000 counts. The 
magnitudes of the observed responses here are similar because the 
response at the shorter length was so great that the sampling pulse 
EHT had to be lowered to avoid overloading the amplifier.
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Gaussian-shaped, response curve was used, the fitting programme could not 
satisfactorily find the maximum.
Experiments were conducted in oxygen both with the tube in its 
original form (Fig. IV-2) and after the tube was shortened by 20.0 ± .05 cm. 
Pressures of 0.2000, 0.3306, 0.4133 and 0.5333 kPa were used.
The highest value of E/N studied at all pressures was 1.4 Td, 
since this represented a reasonable overlap with the accurate data of 
Crompton and Elford. The lower limit was set by either a lack of response 
at the longer drift distance, or an arbitrary minimum to E of about 
0.1 V cm 1, which value was chosen to maintain sufficient field voltage 
that any possible changes in contact potential difference across the tube 
would have a relatively small effect when the differencing technique was 
used.
The duration of the source pulse was adjusted while comparing 
the output of the DDG, which was set to the required delay, with the 
output of the source pulse amplifier on a 100 MHz CRO. It is considered 
that the repeatability of the timing was better than about 0.02 yS.
Because long-lived metastables formed during a sampling pulse 
can produce ionization some time after the application of the pulse, a 
problem of "run-on" in the response may occur if the sampling pulse occurs 
sufficiently soon after the previous pulse that there is a significant 
chance of a metastable-produced free electron being within the detection 
region. Such a free electron will be detected by the sampling pulse; 
the resulting avalanche will form further metastables which may in turn 
produce another free electron at the time of the next sampling pulse, and 
so on. Thus one real detection event may give rise to one or more 
spurious events during the following sampling pulses.
The problem is only observable and significant when there is 
a small probability of a swarm electron being within the detection region,
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i.e. when there is high attachment. In these circumstances, detection events 
are infrequent (of the order of one for every five to twenty sampling pulses) 
and run-on can be detected by observing the output pulses on a CRO to check 
if there is any tendency for the output pulses to occur in groups rather 
than more randomly.
The effect varies with pressure, higher pressures requiring a 
longer clearing time for metastable species to diffuse out of the drift 
space. In general, the interval between sampling pulses was set about 
50% higher than that at which run-on was just noticeable. The repetition 
rates used were 2.5 Hz at 0.20 and 0.33 kPa, 1.5 Hz at 0.41 kPa, and 
1.2 Hz at 0.53 kPa.
As expected, the response at the shorter drift length was 
considerably greater than that at the original length (see Fig. VI-2).
This had the effect of improving the statistics of the results so that 
shorter runs could be taken. At the longer drift length, samples were 
usually taken 2000 times at each delay. When attachment was considerable, 
this was increased to 3000 and 4000 samples. To obtain scatter comparable 
to that obtained under these conditions, runs of 1000 samples were usually 
adequate in the shorter configuration. In most of the experiments a range 
of 18 delays was used and the delay increment adjusted to give the 
required coverage of the response peak.
In general, at least three runs were taken under each set of 
experimental conditions. This enabled any drift in t^ due to accumulating 
impurity to be detected. It was found necessary to evacuate the system 
regularly to remove condensable impurities from the traps, thus ensuring 
that the system remained adequately clean.
Table VI-1 lists the results obtained for t at each pressurem
and value of E/N studied. The quoted uncertainties cover the scatter
in the values obtained.
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TABLE VI--1 The times of maximum response obtained in oxygen
a) 0.2000' kPa
Long Tube Short Tube
E/N Extraction
(Td) Time (yS) No. of Expts. t (nS) m No. of Expts. t (yS) m
1.4 3.0 3 35.75 + .1 3 21.7 ± .1
1.2 3.0 5 38.55 + .15 3 23.15 ± .15
1.0 3.0 5 42.5 + .2 3 25.4 ± .1
0.8 3.0 7 48.05 ± .2 3 28.2 ± .15
0.6 3.0 3 56.55 + .2 3 32.7 ± .2
0.5 6.0 4 64.7 + .6 3 38.25 ± .05
0.4 6.0 3 72.9 + .3 3 41.9 ± .3
0.35 6.0 5 77.45 + .45 3 44.9 ± .25
0.30 6.0 3 83.2 + .3 3 47.95 ± .2
b) 0.3306 kPa
1.4 3.0 3 38.0 ± .1 8 23.3 + .1
1.2 3.0 3 40.45 ± .1 5 24.9 + . 1
1.0 4.0 3 45.25 ± .15 3 28.05 + .1
0.8 5.0 3 51.6 ± .3 3 31.9 ± .1
0.6 5.0 3 60.45 ± .15 5 36.8 ± .2
0.5 5.0 3 66.8 ± .1 3 40.0 + .25
0.4 5.0 3 75.3 ± .2 3 44.85 + .2
0.35 5.0 3 80.85 ± .35 3 48.0 + .25
0.30 5.0 5 87.75 ± .5 6 51.3 + .2
7.0 4 88.95 ± .4 3 52.8 + . 1
0.25 7.0 4 96.35 ± 1.1 3 57.0 ± .4
0.2 10.0 3 107.95 ± . 6 3 63.5 + .15
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TABLE VI-1 (Cont’d)
c) 0.4133 kPa
Long Tube Short Tube
E/N Extraction
(Td) Time (yS) No. of Expts. t (yS) No. of Expts. t (yS)
1.4 2.0 3 37.2 + .1 3 23.1 ± . 1
1.2 2.0 4 40. 15 ± .2 3 24.9 + . 15
1.0 3.0 4 45.15 + .2 4 28.05 + .1
0.8 3.0 4 50.9 + .1 3 31.2 + .1
0.6 4.0 2 60.85 + . 1 5 36.6 + .3
0.5 4.0 3 68.8 + . 1 8 40.45 + .2
0.4 4.0 3 75.95 + . 15 3 45.1 + .2
0.35 4.0 3 82.2 + .3 7 48.0 + .2
0.3 6.0 3 89.85 + .5 3 53.05 + . 2
0.25 6.0 3 97.55 + .35 4 57.5 + .2
10.0 4 99.4 + .7 4 59.5 ± .25
0.2 10.0 3 108.3 + . 15 3 64.55 + . 15
0. 17 10.0 2 117.2 + .5 5 67.05 + .3
0. 14 10.0 5 122.55 ± .4 7 72.15 + .6
d) 0.5333 kPa
1.4 2.0 3 37.2 + .05 3 23.35 + .05
1.2 2.0 3 40.75 + .05 3 25.4 + . 1
1.0 2.0 4 44.7 ± . 1 3 27.65 + .15
0.8 4.0 5 52.5 + . 1 4 32.6 + . 1
0.6 4.0 3 61.25 + .1 4 37.7 + .1
0.5 4.0 3 68.15 + .05 5 41.15 + . 1.
0.4 8.0 3 79.05 + .25 3 48.55 + .2
0.35 10.0 3 85.85 ± . 1 3 52.75 + .25
0.3 10.0 3 92.15 ± .5 3 56.3 + .2
0.25 10.0 3 100.7 + .3 9 60.6 + .4
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The values of At , the differences in the values of t at the in m
two drift lengths, are given in Table VI-2, together with the drift
velocities calculated from these data. Since these are measured drift
velocities, uncorrected for the effects of attachment, we shall designate
them v'. The. results, plotted as y'N = v'/(E/N) vs E/N, are shown in d d
Fig. VI-3.
There is good agreement between most of the data obtained.
However, there are four results which are at variance with the rest. These
are the data at 0.17, 0.35 and 0.5 Td at 0.41 kPa, and at 1.4 Td at
0.33 kPa. The reasons for the discrepancies are uncertain, but it appears
probable that the field voltage was erroneously set for some of these
experiments. During the course of the experiments the differential voltmeter
used to measure the field voltage displayed an intermittent fault. It is
not known if this was a source of error, and since the anomalous values
of t were obtained at the longer drift tube, it was not possible to
check the results due to the lack of time available to rebuild the tube.
It should be noted, however, that the value of t at 0.17 Tdm
for the longer drift tube was not reliably obtained because of an
unfortunate sequence of equipment failures every time an experiment was
attempted under these conditions. The quoted value of t is the averagem
of only two runs and must be regarded as of doubtful accuracy. In what 
follows, the four results mentioned above have been disregarded whenever 
possible.
Table VI-3 summarizes the uncorrected drift velocities obtained, 
and gives the best estimate of v^ for each value of E/N. To obtain the 
values of the drift velocity v^, these figures must be corrected for the 
effects of attachment.
In the analysis of the results from a conventional drift tube,
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TABLE VI-2 The differences in transit times obtained, and the uncorrected 
drift velocities calculated from the differences
0.2000 kPa 0.3306 kPa
E/N Ext. Atm vd Ext.
Atm vd
(Td) ( y s ) (y s ) (106 cm - I ssec ) (y s ) (y s ) (10 6 cm sec
1.4 3.0 14.05 ± .2 1.423 + 1.4% 3.0 14.7 ± .2 1.361 + 1.4%
1.2 3.0 15.4 ± .3 1.299 ± 1.9% 3.0 15.55 ± .2 1.286 + 1.3%
1.0 3.0 17.1 ± .3 1.170 + 1.8% 4.0 17.2 ± .25 1.163 + 1.5%
0.8 3.0 . 19.85 ± .35 1.008 ± 1.8% 5.0 19.7 ± .4 1.015 ± 2.0%
0.6 3.0 ' 23.85 ± .4 0.839 + 1.7% 5.0 23.65 ± .35 0.846 + 1.5%
0.5 6.0 26.45 ± .65 0.756 + 2.5% 5.0 26.8 ± .35 0.746 + 1.3%
0.4 6.0 31.0 ± .6 0.645 ± 1.9% 5.0 30.45 ± .4 0.657 + 1.3%
0.35 6.0 32.55 ± .7 0.614 + 2.2% 5.0 32.85 ± .6 0.609 ± 1.8%
0.3 6.0 35.3 ± .5 0.567 ± 1.4% 5.0 36.45 ± .7 0.549 + 1.9%
7.0 36.15 ± .5 0.553 + 1.4%
0.25 7.0 39.35 ± 1.5 0.508 + 3.8%
0.20 10.0 44.45 ± .75 0.450 1.7%
0.4133 kPa 0.5333 kPa
E/N Ext. Atm vd
- I ssec )
Ext. Atm vd
(Td) (y s ) (y s ) (106 cm (y s ) (dS) (105 cm sec
1.4 2.0 14.1 ± .2 1.418 + 1.4% 2.0 13.85 + .1 1.444 ± 0.7%
1.2 2.0 15.25 ± .35 1.311 + 2.3% 2.0 15.35 + .15 1.303 + 1.0%
1.0 3.0 17.1 ± .3 1.170 ± 1.8% 2.0 17.05 + .25 1.173 + 1.5%
0.8 3.0 19.7 ± .2 1.015 + 1.0% 4.0 19.9 + .2 1.005 ± 1.0%
0.6 4.0 24.25 ± . 4 0.825 + 1.6% 4.0 23.55 + .2 0.849 + 0.8%
0.5 4.0 28.35 ± .3 0.706 + 1.1% 4.0 27.0 + .15 0.741 + 0.6%
0.4 4.0 30.85 ± .35 0.648 + 1.1% 8.0 30.5 + .45 0.656 + 1.5%
0.35 4.0 34.2 ± .5 0.585 ± 1.5% 10.0 33.1 + .35 0.604 + 1.1%
0.3 4.0 36.8 ± .7 0.544 + 1.9% 10.0 35.85 + .7 0.558 + 2.0%
0.25 6.0 40.05 ± .55 0.499 + 1.4% 10.0 40.1 ± .7 0.499 + 1.7%
10.0 39.9 ± .95 0.501 + 2.4%
0.2 10.0 43.75 ± .3 0.457 + 0.7%
0. 17 10.0 50.15 + .8 0.399 + 1.6%
0. 14 10.0 50.40 ± 1.0 0.397 + 2.0%
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Fig. VI-3. Experimental values of electron drift velocities in 
Oxygen.
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TABLE VI-3 Uncorrected drift velocities of electrons in oxygen.
Anomalous values are enclosed in parentheses.
(106 cm sec 1)
E/N 0.2000 kPa 0.3306 kPa 0.4133 kPa 0.5333 kPa Best Estl
(Td)
1.4 1.423 (1.361) 1.418 1.444 1.428
1.2 1.299 1.286 1.311 1.303 1.300
1.0 1.170 1.163 1.170 1.173 1.169
0.8 1.008 1.015 1.015 1.005 1.011
0.6 0.839 0.846 0.825 0.849 0.840
0.5 0.756 0.746 (0.706) 0.741 0.748
0.4 0.645 0.657 0.648 0.656 0.652
0.35 0.614 0.609 (0.585) 0.604 0.609
0.3 0.567 0.549 0.544 0.558 0.554
0.553
0.25 0.508 0.499 0.499 0.502
0.501
0.2 0.450 0.457 0.453
0. 17 (0.399) -
0.14 0.397 0.397
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the errors arising from diffusion are proportional to B =
the effect of attachment is proportional t o ß v t  = ß a da a
Elford, 1973). Thus one has, to first order,
(I) /u) /V , while
J-j
(Crompton and
d Dl/yt = —  (1 - C — -----B(D/y) a d/V), C, B constants.m v . V Li ad
Thus if t and t are the measured times of maximum response 
“ l m2
for a given E and N at distances d^ and d2 respectively,
d D /y D /y d D /y D /y
t - t  = —  (1 - C ----B —^—  a d ) - — — (1 - C —^----- B a d )m l m2 Vd V 1 Vi 3 1 vd V2 V2 a 2
where V_^  = d_^ E ,
. D /y D /y D /y D /y
—  [ d - C ----B —  a d - d + C —  + B -p—  a d 1v 1 1 E E a 1 2 E E a 2 Jd
d,-d D /y
^ [ 1 - B a 1v , E a
d.-d D /y
t [ 1 - B ~  aa^
m 1 m2
Hence the end effects due to diffusion are eliminated by 
differencing but the effect of attachment, which is independent of distance, 
remains. Crompton and Elford give B = 2, so the correction factor is
D /y
B — —  a E a
\ /v Va N 
E/N N2 Vd
81
Since, at the energies investigated in this work, v^/N2 is 
constant, the correction is proportional to N, i.e. proportional to 
pressure.
To test if this correction is applicable to the present experiments, 
the differencing technique was modelled by finding the peaks in the 
theoretical response R'(t) for a = 27.5 and 47.5 cm with b = a + 2.5 cm 
and S = 6.0 yS. This was done for E/N = 0.14 Td, taking for the present 
value of v, = 0.397 x 10b cm sec , D /y = 0.034 eV from the data of
Q  J-»
Nelson (1972), and v /N2 = 4.5 x 10 30 cm6 sec 1, estimated from the graphs
cl
of Chanin, Phelps and Biondi (1962). The apparent drift velocity was 
calculated from the differences in peak times at the two distances. The 
discrepancy between this drift velocity and the input drift velocity then 
represents the correction factor. Values of the correction factor are 
compared below with those obtained by using the formula above.
p(kPa) Corrn. from formula(%) Corrn. from model(%)
0. 133 1.85 2.02
0.200 2.77 2.81
0.267 3.70 3.66
0.333 4.62 4.53
0.400 5.54 5.38
0.467 6.47 6.22
0.533 7.39 7.08
The differences in the correction factors obtained were 
considered small enough to justify the use of the formula in determining 
the correction factor. As above, the necessary values of /y were 
obtained from the data of Nelson, a^/N2 was estimated from the graphs of
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Chanin et al., and the present values of were used for the drift velocity. 
The correction factors are thus not extremely accurate, the main uncertainty 
arising from the estimation of v /N2. However, since the correction is 
usually small (< 1%), errors in the correction are considered to be 
insignificant. Table VI-4 shows the corrected drift velocities and the 
best estimates of v^. These are shown as the corresponding values of pN 
in Fig. VI-4, together with two other sets of data. The first comprises 
the results of Nelson and Davis (1972) which were discussed in Ch. II.
The second set comprises the data quoted in Huxley and Crompton (1974).
These results were compiled by Elford after consideration of the best 
data available at that time. However, because of the uncertainties 
surrounding the accuracy of the results of Nelson and Davis, the 
compilation was biased towards the results of Crompton and Elford in 
the region of overlap and the results quoted at 0.6 and 0.8 Td were 
estimates based on the assumption that pN was starting to level off to 
its thermal value.
It is seen that the present data agree with both of the other 
sets of data at high E/N, but rises above that of Huxley and Crompton 
at lower E/N. The agreement with Nelson and Davis is good down to about 
0.35 Td. Below this, the present data falls significantly below Nelson 
and Davis, and is about 20% lower at 0.14 Td.
The scatter in the present data is everywhere less than about 
± 2% from the best estimates, so the relative accuracy, with the exception 
of the four points already excluded, is quite good. The main contributions 
to systematic errors °rise from the measurements of pressure, field voltage, 
temperature and drift distance. The most significant of these, the 
drift distance, has an uncertainty of 0.25%. In light of the excellent 
agreement with the data of Crompton and Elford above 1.0 Td, it appears
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TABLE VI-4 Corrected Drift Velocities for Electrons in Oxygen
Anomalous values are enclosed in parentheses
Vd (10G cm sec-1)
E/N 0.20 kPa 0.33 kPa 0.41 kPa 0.53 kPa Best Esti
(Td)
1.4 1.421 (1.358) 1.415 1.424 1.420
1.2 1.297 1.283 1.307 1.295 1.296
1.0 1.168 1.159 1.165 1.163 1.164
0.8 1.005 1.010 1.009 1.004 1.007
0.6 0.835 0.840 0.818 0.831 0.831
0.5 0.752 0.739 (0.697) 0.736 0.742
0.4 0.640 0.648 0.637 0.638 0.641
0.35 0.608 0.599 (0.573) 0.593 0.600
0.3 0.560 0.537 0.530 0.535 0.541
0.541
0.25 0.494 0.482 0.477 0.484
0.484
0.2 0.434 0.437 0.436
0.17 (0.382) -
0.14 0.374 0.374
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Fig. VI-4. Corrected values of electron drift velocities in 
Oxygen.
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that the systematic errors are probably less than 1%. The effect of 
impurities in the gas not eliminated by the flowing gas system is unknown, 
but it is estimated to be less than 1%, since results at all pressures 
agree well.
It is considered, therefore, that the uncertainty in the 
present best estimates of is ± 2% at 1.4 Td, rising to ± 5% at 0.14 Td.
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CHAPTER VII
AN INVESTIGATION INTO THE VALIDITY OF THE SOLUTION OF THE BOLTZMANN 
EQUATION FOR ELECTRON SWARMS IN A GAS WITH A LARGE INELASTIC CROSS SECTION
The solution of the Boltzmann equation that is used to relate the 
transport coefficients obtained in electron swarm experiments to the cross 
sections for the collision processes is developed in terms of a 
representation of the velocity distribution function by a two-term 
expansion in spherical harmonics. Recently, the validity of the approx­
imation represented by this truncation has been questioned in situations 
where the inelastic cross sections are large. For example, the disagreement 
between the cross sections for vibrational excitation of H2 by electron 
impact derived by swarm and beam experiments (Crompton, Gibson, and 
Robertson, 1970) has reopened the question as to whether the approximations 
used in the usual Boltzmann analysis are in fact adequate. Inelastic 
processes cause some of the electrons with energies just above the 
threshold energies to be brought almost to rest, and it is the class of 
electrons with smallest speeds that is least well represented by the 
expansion.
In order to test the validity of the conventional Boltzmann 
solution, Monte Carlo simulations have been used to determine the transport 
properties of electron swarms in model gases with various combinations of 
elastic and inelastic cross sections, and the results compared with those 
obtained from a numerical solution of the Boltzmann solution.
In section VII-1, a brief description of the development of the 
Boltzmann equation for an electron swarm is given, so that the assumptions 
employed in the usual analysis can be seen. The methods used in the Monte 
Carlo simulations are described in section VII-2, and the results of the 
Boltzmann analysis and Monte Carlo simulations presented in Section VII-3.
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Section VII-4 contains a discussion of the comparison of the results, and 
conclusions are given in Section VII-5.
VII-1 THE BOLTZMANN EQUATION FOR AN ELECTRON SWARM
The purpose of the analysis of the motion of an isolated travelling 
swarm of electrons in a gas of number density N under the action of an 
electric field E is to determine the distribution of velocities v as a 
function of position r and time t, i.e. f(r,v,t). For a complete treatment 
of the subject, the reader is referred to Huxley and Crompton (1974) Chs. 
2-6. A brief summary of the development of the Boltzmann equations follows.
We first define for a process with the differential scattering 
cross section o(0,v), the following integral cross sections:
TT
qo(v) 2tt o(0,v) sin 0 d0 ;
o
(v) o(0,v) cos 0 sin 0 d0; and
V 8* _ £_g q x (g)
where g, g* are the velocities before and after a collision between an
electron and a gas molecule, relative to the centre of mass of the two
particles. Since m << M, where m is the mass of the electron and M that of
the molecule, it is usual to take g = v.
q (v) is the total cross section, and q is the cross section for o m
momentum transfer. Note that when the collision is elastic g' = g and the 
momentum transfer cross section for elastic collisions is
q (v) = q (v) - q (v) .
rael °el Xel
When considering the steady-state energy distribution and drift
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v e l o c i t y  o f  e l e c t r o n  swarms i t  i s  c o n v e n i e n t  t o  c o n s i d e r  t h a t  t h e  whole  o f
t h e  g roup  t r a v e l s  i n  an  e x t e n s i v e  r e g i o n  such  t h a t  t h e  t o t a l  number  o f
e l e c t r o n s ,  n , where o
no n ( r , t )  d r  , 
r
i s  c o n t a i n e d  w i t h i n  a  c l o s e d  s u r f a c e  E on w h ich  n ( r , t )  i s  e v e ry w h e r e  z e r o .  
I n  t h i s  way t h e  e f f e c t s  of  d e n s i t y  g r a d i e n t s  on t h e  l o c a l  d i s t r i b u t i o n  can 
be  i g n o r e d .  I f  we f u r t h e r  c o n s i d e r  t h a t  a s t e a d y  s t a t e  s i t u a t i o n  h a s  b e e n  
a t t a i n e d  i n  which  t h e  r a t e  o f  en e rg y  l o s s  f o r  t h e  whole  swarm i s  b a l a n c e d  
by t h e  power i n p u t  f rom t h e  e l e c t r i c  f i e l d ,  t h e n  t h e  e n e r g y  d i s t r i b u t i o n  
f o r  t h e  whole  swarm w i l l  be t ime i n d e p e n d e n t .  Thus we have  a d i s t r i b u t i o n  
f u n c t i o n  f o r  t h e  e n t i r e  swarm which  can  be  d e n o t e d  by f ( v )  .
For  c o n v e n i e n c e ,  t h i s  d i s t r i b u t i o n  f u n c t i o n  i s  expanded  i n  
L e g e n d re  p o l y n o m i a l s ,  t a k i n g  t h e  d i r e c t i o n  o f  E a s  t h e  a x i s  f rom  which  t h e  
p o l a r  a n g l e  0 i s  m ea s u red ;  t h i s  a n g l e  s h o u ld  n o t  be  c o n f u s e d  w i t h  t h e  
s c a t t e r i n g  a n g l e  0 i n  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n .  I n  t h i s  
s e c t i o n  we assume,  w i t h o u t  l o s s  o f  g e n e r a l i t y ,  t h a t  t h e  e l e c t r o n  c a r r i e s  a 
p o s i t i v e  c h a r g e ,  so t h a t  t h e  f o r c e  on ea ch  e l e c t r o n ,  eE,  i s  a l s o  i n  t h e  
d i r e c t i o n  o f  E.
Our d i s t r i b u t i o n  f u n c t i o n  i s  now r e p r e s e n t e d  by
00
f ( v )  = f (v) + I  f (v)  P ( c o s  0) . ( V I I - 1 )
O *, K. K.n=l
We i n t r o d u c e  a f u r t h e r  p a r a m e t e r ,  t h e  v e c t o r  f ^ v ) ,  whose m a g n i tu d e  i s  
f ^ C v ) ,  and whose d i r e c t i o n  i s  t h a t  o f  E.
The a n a l y s i s  can  be c o n s i d e r a b l y  s i m p l i f i e d  by e m p loy ing  t h e  
c o n c e p t  o f  s h e l l s  i n  v e l o c i t y  space  a s  f i r s t  i n t r o d u c e d  by Maxwell  (Hux ley  
and Crompton 1974) .  I n  v e l o c i t y  s p a c e ,  t h e  v e l o c i t y  v  o f  e a c h  e l e c t r o n  i n
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normal or configuration space is represented by a point whose coordinates 
are (v ,v ,v^), where these are the components of v in configuration space. 
Hence the points in velocity space representing all electrons in the swarm 
with speeds between v and v + dv are contained within the shell whose 
boundaries are spheres of radii v and v + dv respectively. We shall 
designate such a shell (v,dv). By considering the distribution of the 
points within the shell (v,dv), we can take into account the angular 
distribution of the velocities y; f(v) is, in fact, the density of points 
in velocity space. The number of points within the shell (v,dv) can be 
obtained by integrating the point density for each volume element v" sin 0 
d0 d<{> dv over all angles 0 and <j), where <j> is the azimuthal angle. Thus
2 tt it
n(v,dv) dv n [ f (v) + y f, (v) P. (cos 0)] v2 s m  0 d0 d<|> o o i k kn=l
2tt n v^ dv o [ f (v) + y f. (v) P (cos 0)] s m  0 d0 o , k kn=l
= 4tt n f (v) v 2 dv . (V1I-2)o o
The Scalar Equation
Under equilibrium conditions n(v,dv) is constant, and hence the
net flux of velocity points across the surface of a sphere of radius v is
zero. Considering only elastic collisions for the moment, this flux has
two components: a (v), the flux outwards across the surface due to the
common drift eE/m of velocity points which represents the acceleration of
the electrons by the field; and o ^  (v), the net flux inwards across the
el
surface due to changes in velocity in elastic collisions. We have (Huxley 
and Crompton, pl65)
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aE(v) An p n —3 o m f1 (y) > (VII-3)
and ö ._ (v)coll . el
An n v2 v (v) v f (v) + -y~ f (v)}o el M o  3 dv o (VII-A)
where v ,(v) = N v q (v), and C is the speed of a gas molecule, el m _el
Equating the two fluxes, we obtain the scalar equation
— --7-7 f. (v) 3* C2 f (v) + ~~ v f (v) = 0 .mv (v) ~ 1 d v o  M o (VII-5)
Where there is an inelastic collision process, with threshold 
energy e , the velocity of an electron after an inelastic collision, vM, 
neglecting any change in translational energy of the module, is given by
v"
where v‘
v ’2 - v? , m
2ein, and v f is the velocity before collision, v' > v. .
Hence there is an additional inward flux of velocity points,
a . (v) , across the surface of the sphere v due to inelastic collisionscoll. in
which is given by
o ... (v) = Ai n Ncoll. oin
1
f (x) x3 q (x) I(x-v. ) dx , (VII-6)o o . mm
2 2 2where v = v + v. , and I is the unit step function, to account for the 1 in
fact that inelastic collisions cannot occur if v < v. .m
The scalar equation (VII-5) thus becomes
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----7— r . f, (v) + ~07 f (v) + ~  vf (v)mv (v) ~ 1 dv o M o
v3q (v) 
mel
f (x) x3q (x) I(x-v. ) dx o o . in (VII-7)
The. Vector Equation
If we now also consider the momentum of the electrons whose 
velocities are represented by the points within the shell (v,dv), we see 
that this also is constant under equilibrium conditions.
The changes in momentum of the class of electrons (v,dv) are 
occasioned by several causes. First, there is a change due to the drift 
of points in velocity space under the action of the electric force. 
Secondly, there is a change in momentum due to elastic collisions. Since 
M >> m, we consider that there is no change in the population of the shell 
from elastic collisions, only a redistribution of the points within the
shell. Thirdly, points are removed from the shell to the shell (v^, dv2),
2 o 2where v = v - v. , by inelastic collisions, so that the momentum 
associated with these points is lost. Finally, there is a gain of points 
from the shell (v^ dv^ due to inelastic scattering, with the gain of the 
momentum associated with the influx of this set of points. By balancing 
the changes in momentum, a vector equation is obtained:
eE
fo (v) + f H  {y3 f2(v)}1 = lvel(v) + V  I(v'vin)1 h (v) v in
- [NVj q2 (vi) f1(vl)], (VII-8)
in
where v = N v q (Huxley and Crompton, pp52-59). o . o .m  in
It is at this stage that the "two-term expansion" assumption is 
made, i.e. that f (v) may be omitted as small, for the reason that the drift
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velocity v^ is much less in magnitude than the mean speed v of the 
electrons. The motion of the electrons is thus essentially random, and the 
coefficients f (v) , f^Cv), f2(v) f°rm a diminishing sequence f^Cv) < f^v) << 
fQ (v). When f^(v) is omitted, the vector equation reduces to
eE d . , . —  —  f  (v) m dv o t ve] + v0 (v) I V^_Vin^ f Nvi 92 (v) ~  f^Vj)]in in
(VII-9)
The scalar and vector equations can be extended to a gas with 
many inelastic levels, and the effects of super-elastic collisions can also 
be included. In this case, Eqn (VII-7) becomes
,mv C* d-v2 3^ V v) + N v3 v ,(v) (r £o(v) + r fo(v» + N l V v) ■0el k
(VII-10)
where J^(v) lfo(K) - £o (/x2-v^ ) exp ( - ^ ) )  x3 qok (X)
in m
I(x-v. ) dx , in (VII-11)
e is the threshold energy of the k inelastic transition, v =K . Lil K .in „ m2 2 22e /m, v = v + v , and q is the collision cross section for theK . X- K . OK..in k m  m
k , inelastic transition, k is Boltzmann's constant, and T is the th * *
absolute temperature.
The vector equation (VII-9) becomes
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eE 
~ d— - f (v) = {v (v) + S [ v (v) I(v-v ) + v (v)] } f (v) dv o el . o k .  k. ok ~1k m  m s
- N U  (-^) q (Vlk) J (Vlk) + (-^) qlk (V2k) 
k in s
fj(v2k) I(v-vk )] (VII-12)
in
where v . (v) = N v q . ; q . (v) is the cross section for superelasticok ok oks s s, z p pencounters, and v_, = v - vf .2k m
Eqn. (VII-12) can be expressed in a simplified form in terms of an 
effective collision frequency for momentum transfer v(v) thus
f 1 (v) rav(v) dv o^  f„(v) = - V* (v) ^  f (v) , (VII-13)
where V ’(v) mv(v)
When the cross sections q ^  (v) and q-^ k (v) are zero or negligible,
in s
v(v) = vel v^) + E tvok (v) I(v-vk ) + (v)] , (VII-14)
k in in s
and the effective cross section for momentum transfer is
q (v) = q (v) + £ [q (v) I(v-v ) + q (v)] . (VII-15)m m , . ok. k . okel k m  m s
The scalar equation (VII-10) now becomes
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(V'v - C2 ) f (v) + 3mvdv o M of (v) + v2q (v) E Jk^V  ^ = ° ’
(VII-16)
where V(v)
mvel(v) '
It is usually more convenient to consider the distribution 
function with energy e as the independent variable. Since
e = ^ mv2 ,
then de = (2me)2 dv ,
and r2 dv = (2e/m3) 2 de ,
so the population of a shell (v,dv) is proportional to e2f(e). The
Odistribution function f(e) is so defined that e f (e) de = 4tt f (v) vz dvo o
Thus f (e) = 4tt /2/m3 f (v) = A f (v)o o o
and e2 f(e)de = 4tt o f (v) v2 dv = 1 .o (VII-18)
Thus, from Eqn (VII-11)
Jk(v)
lk ______  Ek .
[ fQ(x) - fQ (/x2-v2 ) exp (- KT'Ln)] x3 qQk (x)3 I(x-vk ) dx
in in in
e-fe^  ek
ln[fo(y) - fD(y-ek ) exp - ( ^ ) ]  K y - ^  ) qQk (y)y dy
m  in in
A Jk(e) . (VII-19)
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Substituting for energy in Eqn (VII-10), we arrive at the equation
[ (eE)2 — C-/-r H-- ~ kT c2 N q (e)] f (e)Nq (e) M nm , de om el
+ e2 N q (e) f (e) + 3N Z —  J (e) M m ^ o ^ z k (VII-20)
since M C 3k T .
This expression already contains the assumption that q (e)_L K..m
and q (e) are zero (because of isotropic scattering) or negligible. The 
s
dominant terms in Eqn (VII-20) are the term in (eE)2 due to the electric 
force and the term in J (e) due to inelastic collisions. If we now makeK.
the assumption that the total inelastic and superelastic cross sections are
small compared to the elastic cross section, q (e) in the terms due to
mel
elastic scattering may be replaced by q^(e) with negligible error. Eqn 
(VII-20) then becomes
[ (eE) 2 m— T T  + <T e2 N q (e) 4— f.(e)Nq (e) M m de lX
+ — - e2 N q (e) f (e) + 3N Z —  J (e) = 0M m o  , 2 kk
(VII-21)
This is the equation solved by Frost and Phelps (1962), and also 
by Gibson (1970). The numerical solution derived by Gibson was used in this 
study. It must be emphasized that the momentum transfer cross section clm (e) 
that is used in the solution is the effective momentum transfer cross 
section, and not the momentum transfer cross section for elastic collisions,
q ( e ) .
mel
Given a model gas of molecular weight M, for which the
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electron-neutral elastic cross section and single inelastic cross section 
are q (v) and q^(v) respectively, and the threshold energy of the inelastic 
process is the electron energy distribution f(e) was calculated. Note
that for convenience, here and in what follows, fQ(e) is referred to simply 
as f(e) .
Once f(e) is found, the average energy e, drift velocity v^, 
and transverse diffusion coefficient were computed for swarms at given 
values of E and N. The gas temperature was taken to be zero, thus avoiding 
the need to account for either the thermal motion of the gas molecules or 
superelastic collisions in the simulations.
In the Boltzmann analyses, it was always assumed that the inelastic 
scattering was isotropic, and throughout the study the elastic scattering 
was also taken to be isotropic, so that the momentum transfer cross 
section q^(v) was given by
q (v) = q (v) + q.(v) . (VII-22)m e l
The estimated uncertainty in the calculated transport coefficients
is 0.1%.
VII-2 MONTE CARLO SIMULATIONS 
VII-2-1 Determining collision points
The method used in most of the Monte Carlo simulations was 
essentially that of McIntosh (1971), modified to include the effects of 
inelastic collisions. In this method, the path between collisions is 
computed as accurately as desired using the "probability density of the 
time-of-flight of the electron" (Milloy and Watts, 1977).
Given the velocity of the electron after a collision, and the 
velocity dependent cross sections, a random number P is used to determine 
the time until, and hence position of, the next collision in the manner
97
described below. This is in contrast to an alternative method (e.g. Hunter, 
1977) of moving the electron along small increments of the path, and testing 
for a collision after each increment. This method requires that a new 
random number be generated for each increment and contains the implicit 
assumption that there is insignificant change in cross section while the 
increment is being traversed. Hunter used several regions, depending on 
the electron energy, in which the time increment was as small as 1% of the 
mean free time. In this case, a random number P < 1.0 - exp (-.01) =
.00995 will signify a collision. As Hunter notes, if the cycle length of 
the random number generator is too small, the selection of such a small 
proportion of the numbers quickly runs through the cycle, and may lock 
the simulation into a sequence, repeating the same set of collisions and 
events. The random number generator used in all studies reported here is 
the same as that used by Milloy and Watts.
Let P (0 < P < 1) be the probability that an electron suffers a 
collision along a trajectory of length S. Then, if n^ electrons commence 
paths with similar trajectories, n^P electrons suffer collisions before 
travelling a distance S, and n = n^Cl-P) remain on the original 
trajectory (i.e. have not collided) beyond S.
If q(v) is the velocity dependent cross section, then for a 
number n of electrons, each with velocity v, crossing a thin region of 
gas, thickness dx, gas number density N, the loss of electrons due to 
collisions within the slab is
dn = - N q(v) n dx
J
—  = - N q(v) dx = - N q(v) v dt,n
where dt is the time taken to cross the slab of gas.
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Thus, of n electrons starting similar trajectories, the number 
n which have not suffered a collision after time T is obtained by 
integrating the above expression.
Hence
- N q(v) v dt =: -NX(T) (VII-23)
or —  = exp (-NX(T)) .no
However, by our definition of P,
n
no
1-P;
hence, P = 1 - exp [-NX(T)] ,
or X(T) = - • (VII-24)
The problem now is to determine the time T for a given value of P. 
We note first that, in the simulations, the electric field E was aligned 
in the -z direction, so that the acceleration of the electrons,
Ee
was directed along the +z direction. Let v(t) be the speed of an electron
at time t after collision, with components v (t) = v , v (t) = v andx x y y
v (t) = v (0) + at. Then z z
v(t) = /^(0) + 2a v (0) t + azt2 .z
Consider the solution of X(T) for two specific dependences of q(v) on v 
(Dwight, 1969).
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a) For constant cross section, q(v) = q 
X(T) = q S(T) ,
where S(T) is the distance travelled in time T,
v (T)
= [v (T) v(T) - v (0) v(0) + v2{sinh 1 — ----- sinh2a z z p vP
(VII--25)
-1 v (0)
----- >] ,
where
2 . 2 , 2  2,. 2 ,.v := v + v = v (t) - v (t) . p x y z
b) For a cross section linearly dependent on energy, q(v) = k v2 
In this case
X(T) = y  {- [ v (T) v3(T) - v (0) v 3(0)] + 3v2 S(T)} (VII-26)4 a z z p
Unfortunately, for both these cases a) and b), T cannot be
determined analytically, given X(T), v and v (0). In the simulations, theP *
method used to find T was to calculate an initial estimate T' of T, by
using Eqn (VII-25) with q = q and v = 0  and solving for T ’.e p
X(T’) was then found, and if this was sufficiently close to X(T),
T was taken to be T’. If not, a new estimate T" was found by Newton's 
Method.
, _ X(T')-X(T)
{ X ( T ' ) }
, X(T')-X(T)
q{v(T')}v(T') ’ (VII-27)
the process being repeated until agreement was found.
Generally, the convergence to the required accuracy in X(T) (one
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part in 105 in these simulations) was quite rapid, but in a very small 
number of cases, X(T’) would oscillate about X(T). In these circumstances, 
the process was terminated after several iterations.
VII-2-2 The effect of regions with different cross sections
In the simulations, two regions were considered: the elastic
region, where the energy of the electron is below the inelastic threshold 
and only elastic collisions can occur; and the inelastic region, where the 
electron has energy greater than the threshold energy and inelastic 
collisions may occur as well as elastic collisions.
When an electron crosses the boundary between these two regions, 
q(v) changes, so the analysis above must be changed at this boundary 
(i.e. at the threshold energy).
Suppose again that n^ electrons start, at a point in a region A, 
on similar trajectories which may cross into another region B where the 
cross section dependence is different to that in region A.
Then the number of electrons which suffer a collision in region A
is n^ P^, where is the probability of a collision in region A. Of the
n (1-P ) electrons which cross into region B, a fraction P will suffer a o A B
collision in a given path length. Hence the number of electrons which have 
suffered a collision is given by
no P A 4- n (1-P A) P„ A o v A B
But according to our definition of P, the number of electrons which will
have suffered a collision over the total path is n P. Thuso
PA + (1- V  PB
P-P
1 - P ,
(VII-28)
Now the time T^ to reach the boundary can be found, so P^ is
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found from
P A -  1 -  exp { -  N Xa( T ) }  .A A A
I f  P > P , t h e n  t h e  e l e c t r o n  w i l l  c r o s s  t h e  b o u n d a ry  i n t o  r e g i o n  B, so
t h e  p r o b a b i l i t y  P i s  fo u n d ,  and t h e  a n a l y s i s  c o n t i n u e s  w i t h  t h e  t im e  o f  
B
c r o s s i n g  t h e  bou n d a ry  t a k e n  a s  t  = 0 .  The p r o b a b i l i t y  o f  a c o l l i s i o n  i n
t h e  p a t h  l e n g t h  from t h a t  p o i n t  i s  P .
B
I f  t h e  e l e c t r o n  c r o s s e s  i n t o  a f u r t h e r  r e g i o n  C, t h e  p r o b a b i l i t y  
P can be  found i n  a l i k e  m an n e r .
Depending  on i t s  i n i t i a l  e n e r g y ,  and t h e  m a g n i tu d e  and d i r e c t i o n  
o f  v^_, an  e l e c t r o n  t r a v e l l i n g  be tw e en  c o l l i s i o n s  may
i )  t r a v e r s e  t h e  whole  p a t h  w i t h  e < e^ ,
i i )  t r a v e r s e  t h e  whole  p a t h  w i t h  e > c^ ,
i i i )  commence t h e  p a t h  w i t h  e < c ^ ,  b u t  a c q u i r e  s u f f i c i e n t  e n e rg y  
from t h e  f i e l d  so t h a t  i t  c r o s s e s  i n t o  t h e  i n e l a s t i c  r e g i o n ,  
and e > e .  a t  t h e  t im e  o f  c o l l i s i o n ,l
i v )  commence t h e  p a t h  w i t h  e > e_ ,^ b u t  l o s e  e n e r g y  by t r a v e l l i n g  
a g a i n s t  t h e  e l e c t r i c  f o r c e ,  so t h a t  i t  c r o s s e s  i n t o  t h e  
e l a s t i c  r e g i o n  where  i t  s u f f e r s  a c o l l i s i o n  w i t h  e < e ^ ,  o r
v)  commence t h e  p a t h  w i t h  e > e_^, l o s e  e n e r g y  by t r a v e l l i n g  
a g a i n s t  t h e  f o r c e ,  so t h a t  e < e ^ ,  b u t  t h e n  g a i n  s u f f i c i e n t  
e n e rg y  a s  v^ becomes p o s i t i v e  t o  a g a i n  ex c ee d  t h e  i n e l a s t i c  
t h r e s h o l d  e n e r g y  so t h a t  e > a t  t h e  t im e  o f  c o l l i s i o n .
The a n a l y s i s  o f  t h e  b e h a v i o u r  o f  an e l e c t r o n  i n  t h e  two r e g i o n s  
i s  a s  f o l l o w s :
i )  The e l a s t i c  r e g i o n .  I f  e < i n i t i a l l y ,  o r  t h e  e l e c t r o n  
i s  c r o s s i n g  from t h e  i n e l a s t i c  r e g i o n ,  t h e  t im e  T^ to  a 
c o l l i s i o n  i f  t h e  e l e c t r o n  were  t o  s t a y  w h o l l y  w i t h i n  a
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region where q(v) = q (v), and the time T to reach ore e.l
regain threshold energy are determined. If T < T , then
i
the collision takes place in the elastic region, and the
collision parameters are calculated as below. If T > T ,e £.l
then the electron crosses into the inelastic region before 
a collision occurs, so it is moved to the threshold, its 
parameters updated, and it is then considered in the 
inelastic region.
ii) The inelastic region. If e > initially, or the electron 
is crossing from the elastic region, the time Ik to a 
collision if the electron were to stay wholly within a 
region where q(v) = q^(v) + q^(v) is found, where q^(v) 
is identical to q.(v) above e. but extends the functionall l
dependence of q^(v) to e = 0, in case the electron energy 
falls below e. before the collision.l
2When ^ m v^ K c± an<^  vz(0) ne§ative as possible for
the electron energy to fall below without a collision
having occurred. In this case, therefore, the time
for the electron energy to reach threshold is again
determined; if T < T., the electron will reach the e. il
elastic region, so it is moved to the threshold, its 
parameters updated, and it is then considered in the 
elastic region. For all other cases, the collision occurs 
in the inelastic region, and the probability of a collision 
of one type is the ratio of the cross section for that type 
of collision to the total cross section. A random number R, 
0 ^  R <  1, is found, and if
qe(v)
qe (v )  + qi(v) ’R >
103
where  v i s  t h e  v e l o c i t y  a t  t h e  t im e  o f  t h e  c o l l i s i o n ,  t h e n  
t h e  c o l l i s i o n  i s  c o n s i d e r e d  t o  be  i n e l a s t i c .
V I I - 2 - 3  C o l l i s i o n s
Once t h e  t im e  and t y p e  o f  t h e  c o l l i s i o n  have  be e n  d e t e r m i n e d ,
t h e  p o s i t i o n ,  v e l o c i t y  c om pone n t s ,  d i r e c t i o n  c o s i n e s  c ^ ,  c , and c^ o f
t h e  v e l o c i t y ,  and e n e rg y  o f  t h e  e l e c t r o n  a t  t h e  t im e  o f  t h e  c o l l i s i o n  a r e
c a l c u l a t e d .  The a n g l e s  t h a t  t h e  r e c o i l  d i r e c t i o n  makes w i t h  t h e  t h r e e
C a r t e s i a n  a x e s  a r e  r andomly  c h o s e n  and t h e i r  d i r e c t i o n  c o s i n e s  c ' ,  c '  andx y
c'z a r e  o b t a i n e d .  The s c a t t e r i n g  a n g l e  0 ,  i s  t h u s  d e t e r m i n e d ;
0 = c o s  1 (c  c ’ + c c '  + c c ’ ) .
x x  y y z z
S i n c e  the  mass o f  t h e  e l e c t r o n  i s  much s m a l l e r  t h a n  t h a t  o f  t h e  
gas  m o l e c u l e ,  and s i n c e  t h e  gas  m o l e c u l e  i s  c o n s i d e r e d  to  be  a t  r e s t ,  t h e  
r e c o i l  e n e r g y  o f  t h e  e l e c t r o n  a f t e r  an  e l a s t i c  c o l l i s i o n  i s  t a k e n  t o  be
z = e. [ 1 -  4 ~ T 7T9 s i n 2 (—)] , where  z. and z a r e  t h e  a b (nrfM)z 2 b a
e n e r g i e s  b e f o r e  and a f t e r  t h e  c o l l i s i o n s ,  r e s p e c t i v e l y .
For  i n e l a s t i c  c o l l i s i o n s ,  t h e  e f f e c t  o f  momentum t r a n s f e r  i n  t h e  
c o l l i s i o n s  was a p p r o x i m a t e d  by t a k i n g
( e _  e ) [ ! _  A™. -M  .
 ^ b i  1 (m+M) 2 s i n 2 (-!)] ,
a l t h o u g h  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  r e s u l t s  were 
r e c o i l  e n e r g y  was t a k e n  a s  s im p l y
o b t a i n e d  i f  t h e
e b  -  e i  *
s i n c e  t h e  i n e l a s t i c  e n e r g y  l o s s  i s  so much g r e a t e r  t h a n  t h e  e l a s t i c  e n e rg y  
l o s s .
V I I - 2 - 4  N u l l  C o l l i s i o n  S i m u l a t i o n
A m ajo r  d raw back  to  t h e  method o u t l i n e d  above  i s  t h e  f a c t  t h a t
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o n l y  c e r t a i n  f u n c t i o n a l  d e p e n d e n c e s  o f  q ( v )  a r e  e a s i l y  t r e a t e d .  S in c e  t h i s
s t u d y  was u n d e r t a k e n  to  d e t e r m i n e  t h e  v a l i d i t y  o f  t h e  B o l tzm ann  a n a l y s i s  i n
r e a l  s i t u a t i o n s ,  t h e r e  i s  an  o b v i o u s  b e n e f i t  i n  b e i n g  a b l e  to  u s e  r e a l
c r o s s  s e c t i o n s  i n  t h e  s i m u l a t i o n s .
A method w h ich  h a s  t h i s  a d v a n t a g e  i s  t h e  " n u l l  c o l l i s i o n "  method
f i r s t  p r o p o s e d  by S k u l l e r u d  (1968)  and r e c e n t l y  used  by L i n  and B a r d s l e y
(1977)  t o  model  i o n  swarms.  S e v e r a l  o t h e r  a d v a n t a g e s  a l s o  a c c r u e  from
t h i s  m ethod ,  wh ich i s  d e v e lo p e d  and d i s c u s s e d  be low .
C o n s i d e r  f i r s t  a gas  w i t h  M c o l l i s i o n  p r o c e s s e s  where  t h e  c r o s s
s e c t i o n s  a r e  q . (v)  such  t h a t  
3
M
I  q . ( v )  = q ( v )  .
j = i  3
Then,  h a v i n g  d e t e r m i n e d  t h e  c o l l i s i o n  t im e  T, and h e n c e  t h e  v e l o c i t y  a t  
t h e  t im e  o f  c o l l i s i o n  v ( T ) ,  i t  i s  e a s i l y  d e c i d e d  which  p r o c e s s  L w i l l  
t a k e  p l a c e  i n  a s i m i l a r  f a s h i o n  to  t h a t  d e s c r i b e d  above  f o r  two p r o c e s s e s .  
A random number R, 0 ^  R <  1, i s  g e n e r a t e d ,  and i f
L - l  L
I q . ( v ( T ) )  < R q ( v ( D )  < I q . ( v ( T ) )  ,
3 = 1 1 3=1
t h e n  p r o c e s s  L i s  c o n s i d e r e d  to  o c c u r .
C o n s i d e r  now a gas  w i t h  q ( v )  = Cv 1 . Then,  f rom Eqn ( V I I - 2 3 )
Hence
and
-  N
T
r
„  - lC v v d t
o
= -  N C T .
X(T) = CT ,
P = 1 -  exp ( -  NCT) ,
& n ( l -P )o r T NC
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I n  t h i s  s i t u a t i o n ,  t h e  c o l l i s i o n  t im e  T i s  r e a d i l y  c a l c u l a t e d  from th e  
p r o b a b i l i t y  P w i t h o u t  r e c o u r s e  to  t h e  i t e r a t i v e  method d e s c r i b e d  above ,  
o r  t h e  d e t e r m i n a t i o n  o f  t h e  s m a l l  p a t h  i n c r e m e n t s  o f  t h e  f r a c t i o n a l  
t i m e - o f - f l i g h t  method .
Now, com bin in g  t h e s e  two c o n c e p t s ,  c o n s i d e r  a gas  w i t h  M p r o c e s s e s  
and a t o t a l  c r o s s  s e c t i o n  q ( v )  such  t h a t
M
q ( v )  = I  q . (v)  = C v 1 .
3 = 1 J
C o n s i d e r  f u r t h e r  t h a t  t h e  Mth p r o c e s s  i s  a p r o c e s s  i n  which  no i n t e r a c t i o n  
o c c u r s ,  t h e  e l e c t r o n  c o n t i n u i n g  on i t s  p a t h  w i t h  no change  i n  v e l o c i t y .
We s h a l l  c a l l  su c h  a p r o c e s s  a n u l l  c o l l i s i o n .
Now, t h i s  gas  must  have  i d e n t i c a l  p r o p e r t i e s  t o  a gas  i n  which  
o n l y  t h e  f i r s t  M-l p r o c e s s e s  o c c u r ,  s i n c e  t h e  n u l l  c o l l i s i o n s  have  no 
e f f e c t  on t h e  e l e c t r o n  and c a n n o t  be  d e t e c t e d .  However ,  t h e  n u l l  
c o l l i s i o n  c r o s s  s e c t i o n  c o n t r i b u t e s  to  t h e  t o t a l  c r o s s  s e c t i o n  t h a t  i s  
u sed  t o  d e t e r m i n e  w here a c o l l i s i o n  o c c u r s  and i s  a l s o  c o n s i d e r e d  i n  
d e t e r m i n i n g  w hat c o l l i s i o n  p r o c e s s  o c c u r s ,  and t h u s  i t  does  have  an 
e f f e c t  on t h e  c o m p u t a t i o n .
To u s e  t h i s  c o n c e p t  i n  m o d e l l i n g  a gas  w i t h  M-l p r o c e s s e s ,  a 
v a l u e  o f  C i s  c h o s e n  such  t h a t
M-l
C v 1 >  I  q (v)  ,
3=1
and t h e  Mth c r o s s  s e c t i o n  f o r  n u l l  c o l l i s i o n s  i s  d e f i n e d  by
M-l
qM(v)  = V lll(v) := c v~ -  V v)  •
3=1
T h i s  s y s t e m  had i d e n t i c a l  p r o p e r t i e s  to  t h e  o r i g i n a l  g a s ,  b u t  t h e  
a r t i f i c e  o f  p a d d i n g  t h e  t o t a l  c r o s s  s e c t i o n  up to  a c o n v e n i e n t  form w i t h
a n u l l  c o l l i s i o n  c r o s s  s e c t i o n  makes t r i v i a l  t h e  p ro b le m  o f  a c c u r a t e l y
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determining the collision time. Note, too, that now there is no need to 
consider a change in cross section at the threshold of an inelastic process, 
as the overall form remains the same, any variations being taken up by
qnull'
In practice, however, it was found advantageous to divide the 
energy range into two regions with q(v) = C v below, say, e^, and 
q(v) = Cf v for e > e^ , with C1 > C. This is to take account of the 
large values of q(v) at low energies which lead to a large null collision 
cross section. Obviously, the larger the ratio of real to null collisions 
in this method, the quicker and more efficient the simulation. This 
modification enables the null collision cross section at lower energies 
to be reduced.
The change in probability P on traversing the boundary between 
the two regions is treated in an identical manner to the change in 
probability at the inelastic threshold of the original method. A further 
division may make the simulation even more efficient, but this would 
eventually be balanced by the increasing complexity of the coding. Trial 
runs with the null collision method showed that it increased the speed of 
a simulation by a factor of about two, depending on the value chosen for 
C’. No attempt was made to optimise C, so further gains may be possible.
It can be seen that the null collision method thus has 
considerable advantages over the initial method. Not only is the amount 
of computer time significantly decreased, but the method can handle more 
than the two processes originally considered with little increase in 
complexity. Furthermore, since determination of the process which occurs 
in any one collision depends only on the values of q (v), the method can 
be used with cross sections of any energy dependence, whether functional 
or represented in tabular form.
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VII-2-5 Anisotropic Scattering
As was mentioned earlier, the Boltzmann solution as usually- 
applied assumes isotropic inelastic scattering. In a recent paper,
Ferrari (1977) has examined the implications of this assumption and claims 
that it may seriously affect the validity of the cross sections that have 
been derived from swarm data.
In conjunction with the present study, a limited investigation 
into the effect of anisotropic inelastic scattering on the derived 
transport coefficients was also carried out.
For a given differential inelastic scattering cross section 
G^(ö»v) the integral inelastic cross section q^(v) is given by
TT
(
qi(v) 2tr a (0,v) sin 0 d0 .
o
Thus, for the isotropic scattering cross sections studied,
oi(0,v) = qi(v)/4'n .
In finding the scattered direction after anisotropic scattering,
it is necessary to first obtain the scattering angle from the appropriate
3 qi(v)distribution of angles. For instance, if o^(0,v) = — — ——  sin(0/2), 
then Q
r
1 0.(0,v) sin 0 d0 = sin3(0/2) = R, with 0 ^  R ^  1 .
q,(v) 1i o
Hence a random number R can represent the scattering angle through this 
relation, i.e.
0 = 2 sin 1 (R1^3) .
It is now necessary to determine a random azimuthal angle
for the final velocity vector that represents scattering through an angle
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0.  I n  t h e  s i m u l a t i o n ,  a f u r t h e r  random number was used  to  d e t e r m i n e  t h e
random a n g l e  0 ^  <}> <  2tt. The a x i s  <j> = 0 was c h o s e n  to  be  one o f  the
n o r m a l s  t o  t h e  i n c i d e n t  d i r e c t i o n  p a r a l l e l  to  t h e  xy p l a n e .
One t h e n  o b t a i n s ,  u n l e s s  c = c = 0 ,x y
c c c
c ' = c cos  0 -  c o s  d> s i n  0 -  - ~ - z -  s i n  d> s i n  0x x  A A
c c c
c 1 = c cos  0 + cos  d> s i n  0 -  ^ z s i n  6 s i n  0y y A A
z
where  A
For c x
c c o s  0 + A s i n  <t> s i n  0,  z
( c 2 + c 2) 2.x y
c = 0 ,
y
c ’ = cos  b s i n  0 x
c ’ = s i n  <f> s i n  0
y
c ’ = cos  0. z
V I I - 2 - 6  Sampling
I n  t h e  s i m u l a t i o n s ,  one e l e c t r o n  was f o l l o w e d  t h r o u g h  s e v e r a l  
m i l l i o n  c o l l i s i o n s ,  w i t h  e n e r g y  and p o s i t i o n  n o t e d  a t  c o n s t a n t  t im e  
i n t e r v a l s ,  o f  t h e  o r d e r  o f  a  few mean f r e e  t i m e s .  I n  t h i s  way, t h e  
a v e r a g e  e n e r g y  and e n e r g y  d i s t r i b u t i o n  w ere  o b t a i n e d .
The t r a n s v e r s e  d i f f u s i o n  c o e f f i c i e n t  was d e t e r m i n e d  by n o t i n g  
t h e  change  i n  r a d i a l  p o s i t i o n  o v e r  1 to  200 sample  t i m e s ,  u s i n g  th e  
r e l a t i o n  ( M i l lo y  and W a t t s ,  1977)
DT = ^  i r  < I x ( t+ T )  -  x C O l 2 +  [ y ( t + t )  -  y ( t ) ]  2 > ( V I I - 2 9 )
In  p r a c t i c e ,  b e c a u s e  o f  s t a t i s t i c a l  s c a t t e r  i n  t h e  a v e r a g e s ,  and
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because the averages approached a limit quite rapidly, the mean of the 
results for t = 101 to 200 sample times was taken as the limit.
The drift velocity was obtained from the ratio of displacement to 
time, i.e .
vd = z/t .
The estimated accuracy in the derived transport coefficients is
2% for D_, and 1% for v, and e.I d
VII-3 RESULTS
Five cases were investigated in this study. Model gases (1,2), 
with step and ramp function inelastic cross sections respectively, were 
used to determine the onset of breakdown in the Boltzmann solutions as 
the inelastic cross sections were increased. Another model (3) 
approximated elastic scattering and vibrational excitation in hydrogen 
in order to investigate the discrepancy between beam and swarm derived 
cross sections. Simulation 4 modeled the real case of carbon monoxide, 
while in a further study (5) a brief examination of the effect of 
anisotropic inelastic scattering was made.
VII-3-1 Constant inelastic cross section
The model gas used had the following properties:
molecular weight, M = 4.0 amu;
elastic cross section, qe = 6.0 X 2 ;
inelastic threshold, e.l = 0.2 eV;
inelastic cross section, qi = Q, 0 <  Q(X2) <  10;
gas temperature, T = 0 K;
gas number density, N = 1 x 1017 cm"3.
Simulations were carried out at E/N = 1.0 and 24.0 Td. The 
values obtained for the drift velocity and average energy for several
values of Q are shown in Table VII-1 and illustrated in Fig. VII-1.
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TABLE VII-1 Values of drift velocity, v^ , and average energy, e obtained' ' cr
from Boltzmann (B) and Monte Carlo (MC) methods in
comparison 1.
a) E/N = 1.0 Td
No. of vd(E) vd(MC) 7b eMC
Q(X2) collns. (M) (105 cm sec *) (105 — Lcm sec ) (eV) (eV)
0 10.0 5.26 5.28 0.608 0.604
0.025 10.0 9.20 9.30 0.224 0.223
0.05 15.0 10.58 10.60 0.165 0.164
0 . 1 10.0 11.71 11.74 0.129 0.127
1.5 3.4 14.44 14.32 0.0835 0.0824
2.5 5.0 14.75 14.56 0.0805 0.0796
3.0 4.3 14.78 14.62 0.0799 0.0794
6.0 5.0 15.07 14.84 0.0778 0.0780
b) E/N = 24.0 Td
No. of vd(B) v (MC) d _1 £B eMC
Q(X2) collns. (M) (105 cm sec ) (106 cm sec ) (eV) (eV)
0 20 2.58 2.59 14.58 14.63
0.6 4.2 5.37 5.38 3.40 3.36
3.0 5.0 9.63 9.52 0.602 0.606
6.0 5.0 10.98 10.46 0.295 0.294
10.0 3.5 11.59 10.53 0.201 0.194
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F i g u r e  V I I - 2  shows t h e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n s  o b t a i n e d  from t h e  
s i m u l a t i o n s  and from t h e  Bol tzmann  a n a l y s i s  f o r  Q = 6 . 0  X a t  b o t h  
v a l u e s  o f  E/N.
T a b l e  V I I - 2  shows a c o m p a r i s o n  b e tw e en  t h e  v a l u e s  o f  t h e  
t r a n s v e r s e  d i f f u s i o n  c o e f f i c i e n t s  o b t a i n e d  i n  3 ways :  d i r e c t l y  f rom t h e
s i m u l a t i o n  u s i n g  Eqn. ( V I I - 2 9 ) ;  f rom t h e  Bol tzm ann a n a l y s i s ,  u s i n g  t h e  
r e l a t i o n
DT
(2/m) 2
3N
ef  (e)  
J qm (£)o
de ; ( V I I - 3 0 )
and by a c o m b i n a t i o n  o f  t h e s e  m e th o d s ,  t h e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  
found i n  t h e  s i m u l a t i o n  b e i n g  used  i n  Eqn.  ( V I I - 3 0 ) .
V I I - 3 - 2  Ramp i n e l a s t i c  c r o s s  s e c t i o n
As a more r e a l i s t i c  s i m u l a t i o n ,  a  f u r t h e r  model  gas  was u s e d ,  
wh ich  had t h e  same p r o p e r t i e s  a s  t h a t  i n  s i m u l a t i o n  1, e x c e p t  t h a t  t h e  
i n e l a s t i c  c r o s s  s e c t i o n  was a l i n e a r  f u n c t i o n  o f  e l e c t r o n  e n e r g y ,  i . e .
q ^ ( e )  = k ( e - e ^ ) ;  0 ^  k(8.2/eV) ^  50 .
S e v e r a l  v a l u e s  o f  k were  s t u d i e d  a t  E/N = 1 . 0  and 2 4 .0  Td, w h i l e  
f o r  k = 10 X2/eV t h e  i n v e s t i g a t i o n  was a l s o  c a r r i e d  o u t  a t  E/N = 5,  10,
15 and 20 Td. T a b l e  V I I - 3  and F i g .  V I I - 3  show r e s u l t s  o b t a i n e d  i n  t h e s e  
c o m p a r i s o n s ,  w h i l e  F i g s .  V I I - 4  to  V I I - 6  show a c o m p a r i s o n s  o f  some o f  
t h e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n s  which  w ere  o b t a i n e d .
V I I - 3 - 3 A p p r o x i m a t io n  to  v i b r a t i o n a l  e x c i t a t i o n  i n  hyd ro g en
I n  t h i s  m odel ,  t h e  gas  had  t h e  f o l l o w i n g  p r o p e r t i e s :
ma) E/N=lTd
e(eV)
Fig. VII-2. Electron energy distributions obtained in comparison 1 for
Q = 5. Solid curves - Boltzmann, broken curves - simulations.
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TABLE VII-2 Some values obtained in comparison 1 for the transverse 
diffusion coefficient D^ ,.
E/N
(Td)
Q
(X2)
D^ , (Bolt zmann) 
(10^ cm2 sec 1)
DT(MC-Eq.VII-29) 
(105 cm2 sec x)
DT(MC-Eq.VlI-30) 
(105 cm2 sec 1)
1.0 6.0 0.861 0.85 0.863
24.0 0 11.94 11.94 11.94
24.0 0.6 5.10 5.0
24.0 6.0 1.055 0.70 1.06
24.0 10.0 0.903 0.45 0.907
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TABLE VII-3 Values of transport coefficients obtained in comparison 2 
a) E/N = 1.0 Td
k No. of V B) vd(MC) e(B) £ (MC)
(S2/eV) collns.(M) (10b cm sec 1) (106 cm sec L) (ev) (eV)
3.0 5.0 1.177 1.175 0.1187 0.1192
4.0 5.0 1.202 1.186 0.1139 0.1136
5.0 5.0 1.221 1.193 0.1105 0.1101
10.0 5.0 1.275 1.255 0.1016 0.1013
50.0 5.0 1.379 1.369 0.08823 0.08818
k dt (b ) Dt (MC-Eq.VI1-29) DT(MC-Eq.VII-30)
(X2/eV) (105 cm2 sec 1) (105 cm2 sec 1) (105 cm2 sec *)
3.0 1.071 1.076 1.077
4.0 1.050 1.058 1.051
5.0 1.034 1.034 1.034
10.0 0.9904 0.9861 0.9910
50.0 0.9205 0.9196 0.9204
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TABLE VII-3 (Cont’d)
b) E/N = 24.0 Td
k No. of v d(B) vd(MC) e(B) e (MC)
(R2/ eV) collns.(M) (106 cm sec 1) (10e cm sec *) (eV) (eV)
1.0 5.0 6.866 6.837 1.250 1.251
2.0 5.0 7.617 7.538 0.8853 0.8825
5.0 5.0 8.540 8.386 0.5690 0.5658
10.0 5.0 9.145 8.890 0.4163 0.4127
k Dt (B) DT(MC-Eq.VII-29) Dt (MC-Eq.VII-30)
(X2/eV) (105 cm2 sec *) (10^ cm2 sec *) (105 cm2 sec *)
1.0 2.912 2.873 2.921
2.0 2.336 2.221 2.343
5.0 1.754 1.570 1.764
10.0 1.438 1.194 1.452
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TABLE VII-3 (Cont’d)
c) k = 10 X^/eV
E/N No. of V B) vd(MC) e(B) e (MC)
(Td) collns.(M) (105 cm sec *) (105 cm sec *) (eV) (eV)
1.0 5.0 1.275 1.255 0.1016 0.1013
5.0 5.0 4.355 4.276 0.1742 0.1738
10.0 5.0 6.451 6.268 0.2470 0.2455
15.0 5.0 7.733 7.507 0.3117 0.3096
20.0 5.0 8.640 8.366 0.3713 0.3684
24.0 5.0 9.145 8.890 0.4163 0.4127
E/N Dt (B) Dt (MC-Eq.VII-29) DT(MC-Eq.VII-30)
(Td) (105 cm2 sec *) (105 cm2 sec l) (105 cm2 sec *)
1.0 0.9904 0.9861 0.9910
5.0 1.226 1.126 1.231
10.0 1.343 1.175 1.350
15.0 1.398 1.189 1.408
20.0 1.431 1.197 1.439
24.0 1.438 1.194 1.452
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molecular weight, M = 2.0 amu;
elastic cross section, qe = 10.0 Ä2;
inelastic threshold, E . 1 = 0.516 eV;
inelastic cross section, qi(e) = k(e-e );
gas temperature, T 0 K;
gas number density, N = 1 x 1017 cm“3
The simulations were carried out at E/N = 25 Td, to closely 
match the highest E/N value studied by Crompton, Gibson and Robertson 
(1970). In general, breakdown of the Boltzmann analysis is expected to 
occur more readily at higher values of E/N when a greater proportion 
of the swarm electrons have energies higher than the inelastic threshold.
Two values of k were used: k = 0.4 R2/eV, to approximate the
cross section of Burrow and Schulz (1969) near threshold; and k =
0.2 X2/eV, the approximate behaviour of the cross section derived by 
Crompton et al. Table VII-4 lists the results, while Fig. VII-7 
illustrates the electron energy distributions obtained.
VII-3-4 Approximation to carbon monoxide
A real gas with a large inelastic cross section is CO. Fig. 
VI1-8 shows a cross section for momentum transfer and an effective 
vibrational excitation cross section for a model of this gas that was 
shown by Milloy (1977) to be consistent with electron drift velocities 
in CO and mixtures of CO-He and CO-Ar. Also shown is the total cross 
section q(e) used in the null collision method in the simulation.
Recall that
qm(e) = qe(e) + qi(e)
and q(e) = q^e) + 9nun ( £) •
These cross sections were used in a null collision simulation
e^f
fdi
ev1)
I , r >
k-0-4A2/eV
€(eV)
Fig. VII-7. Electron energy distributions obtained for the hydrogen-like 
model gas. E/N = 25.0 Td.
Solid curve - Boltzmann analysis. Broken curve - simulation.
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TABLE VII-4 Values of the transport coefficients obtained in 
comparison 3. E/N = 25 Td.
k No. of vd(B) _ v (MC)
, d -i(106 cm sec )(82/eV) collns. (M) (106 cm sec 1)
0.2 10.0 4.645 4.659
0.4 10.0 5.274 5.290
k e(B) E(MC)
Dt (B) DT(MC-Eq.VII-29)
(X2/eV) (eV) (eV) (105 cm2 sec 1) (105 cm2 sec )
0.2 1.632 1.640 2.328 2.307
0.4 1.232 1.239 2.003 2.024
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for E/N = 20 Td. M was taken to be 28.01 amu, and = 0.266 eV. An 
annotated listing of the null collision coding and the cross section data 
is included in Appendix D.
The results obtained are compared with the results of a Boltzmann 
analysis in Table VII-5, and Fig. VII-9 shows the electron energy 
distributions which were obtained.
VII-3-5 Anisotropic inelastic scattering
This simulation was designed to test the conclusion reached 
by Ferrari (1977) that the neglect of anisotropy in the inelastic 
scattering in the usual solution of the Boltzmann equation can lead to 
significant errors. Two cases were studied, both via the null collision 
method.
a) the CO model calculations were repeated with three 
different anisotropies:
3i) a.(0,v) = q.(v) -r—  sin (0/2), i.e. mild back-scattering.' 1 1 oTT
ii) ö _^(0,v ) = q^(v) sint+(0/2), i.e. strong back-scattering.
3iii) o.(0,v) = q .(v) —  cos (0/2), i.e. mild forward-scattering.1 1 OTT
The scattering distributionso^(0,v) sin 0 are shown in Fig. VII-10.
Results are listed in Table VII-6.
b) Simulation 2 at 24.0 Td, k = 10 X2/eV, was repeated with 
sin (0/2) and cos (0/2) anisotropies. Results obtained 
are shown in Table VII-7.
VII-4 DISCUSSION
From the data obtained in simulations 1 and 2 it is clear that, 
in general, a discrepancy arises between the transport coefficients 
obtained from a Boltzmann analysis and from a Monte Carlo simulation as 
the inelastic cross section is made larger.
Immediately evident from the figures is the fact that the
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TABLE VII-5
Transport Coefficients for the CO model E/N = 20 Td
vd DT(Eqn VII-29) DT (Eqn VII-30) £
(10^ cm sec *) (105 cm2 sec 1) (105 cm2 sec *) (eV)
Monte Carlo 2.595 1.054 1.046 0.7177
Boltzmann 2.628 - 1.044 0.7165
TABLE VI1-6
Transport coefficients for anisotropy in the CO model. E/N = 20 Td
vd DT(Eqn VII-29) DT(Eqn VII-30) £
(105 cm sec 1) (105 cm2 sec 1) (105 cm2 sec *) (eV)
sin4(0/2) 2.565 1.040 1.047 0.7170
sin (0/2) 2.598 1.035 1.047 0.7186
isotropic 2.595 1.054 1.046 0.7177
cos (0/2) 2.630 1.031 1.046 0.7201
TABLE VII-7
Transport coefficients for anisotropy in simulation 2. k = 10X2/eV, E/N
vd DT(Eqn VII-29) DT(Eqn VII-30) £
(105 cm sec *) (105 cm2 sec *) (105 cm2 sec 1) (eV)
sin(0/2) 8.443 1.106 1.443 0.4013
isotropic 8.890 1.194 1.452 0.4127
cos(0/2) 9.378 1.260 1.450 0.4233
TABLE VI1-8
Transport coefficients for the Gerjuoy-Stein type cross section. E/N =
Vd DT(Eqn VII-29) DT(Eqn VII-30) £
(105 cm sec 1) (10^ cm2 sec 1) (105 cm2 sec *') (eV)
Monte Carlo 10.09 0.6870 1.044 0.2635
Boltzmann 10.74 1.031 0.2648
= 24 Td
24 Td
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null
e (eV)
Fig. VII-8. The cross sections used for the CO-like model gas, showing 
the null-collision cross section.
E/N = 20 Td
Fig. VII-9. The electron energy distributions obtained for the CO-like 
model.
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0.15p
0.05
0 (rad.)
Fig VII-10. Scattering angle distrioutions a(0)sin 0 used in this study, 
i) a(0) = 3 sin (0/2) /8tt. ii) g (0) = 3 sin4 (0/2) /4tt . 
iii) o(0) = 3 cos (0/2)/8tt. iv) o(0) = 1/4tt.
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c a l c u l a t e d  B o l tzm ann  d i s t r i b u t i o n  f u n c t i o n  d e v i a t e s  n o t i c e a b l y  from t h a t  
d e r i v e d  from t h e  Monte C a r l o  s i m u l a t i o n s »  even  a t  s m a l l  v a l u e s  o f  t h e  
i n e l a s t i c  c r o s s  s e c t i o n .  However ,  t h e  d e v i a t i o n  m us t  be  r e l a t i v e l y  l a r g e  
b e f o r e  t h e  t r a n s p o r t  c o e f f i c i e n t s  d e t e r m i n e d  u s i n g  t h e  two methods  
d i s a g r e e  by more t h a n  t h e  combined u n c e r t a i n t i e s .  I t  seems t h a t  t h e  r e a s o n  
f o r  t h e  d e v i a t i o n  must  come from t h e  a s s u m p t i o n  t h a t  t h e  t w o - t e r m  e x p a n s i o n  
a d e q u a t e l y  r e p r e s e n t s  t h e  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n .
The two m ethods  o f  d e t e r m i n i n g  from t h e  s i m u l a t i o n s  a l s o  g i v e
r e s u l t s  t h a t  d i s a g r e e  c o n s i d e r a b l y .  S i n c e  Eqn.  ( V I I - 3 0 ) , upon which t h e  
" h y b r i d "  a s  w e l l  a s  t h e  Bol tzmann  d e t e r m i n a t i o n s  d e pe nd ,  i s  d e r i v e d  from 
t h e  t w o - te r m  e x p a n s i o n  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n ,  a d d i t i o n a l  
e v i d e n c e  i s  p r o v i d e d  f o r  t h e  breakdown o f  t h e  a s s u m p t i o n .
The r e s u l t s  o f  c o m p a r i s o n  1 s h o u l d  be  i n t e r p r e t e d  w i t h  some 
c a u t i o n  a t  v e r y  h i g h  v a l u e s  o f  Q. A c o m p a r i s o n  o f  t h e  e n e r g y  d i s t r i b u t i o n s  
i n  f i g .  V I I - 2 b ,  where  t h e  d e p a r t u r e  f rom a smooth v a r i a t i o n  i n  t h e  
Bo l t zm ann  d i s t r i b u t i o n  f u n c t i o n  i s  n o t  m i r r o r e d  i n  t h e  Monte C a r lo  
d i s t r i b u t i o n ,  s u g g e s t s  t h a t  t h e  n u m e r i c a l  p r o c e d u r e  used  may n o t  be a b l e  
t o  h a n d l e  l a r g e ,  a b r u p t  c r o s s  s e c t i o n  c h a n g e s  i n  an  e n e r g y  r a n g e  where  
t h e r e  i s  a s i g n i f i c a n t  p r o p o r t i o n  o f  t h e  e l e c t r o n s ,  q u i t e  a p a r t  f rom 
any breakdow n o f  t h e  two te rm  e x p a n s i o n .
To i n v e s t i g a t e  t h i s  f u r t h e r ,  a  s i m u l a t i o n  was c a r r i e d  o u t  
u n d e r  t h e  same c o n d i t i o n s  a s  s i m u l a t i o n  1, a t  2 4 .0  Td, w i t h  t h e  i n e l a s t i c  
c r o s s  s e c t i o n  g i v e n  by
h
qi ( c > = 10.0 (1 -  X2 , e >  0 .2  .
T h i s  c r o s s  s e c t i o n  h a s  t h e  a n a l y t i c  form o f  a G e r ju o y  and S t e i n  
r o t a t i o n a l  c r o s s  s e c t i o n  (G e r ju o y  and S t e i n ,  1955) and  so r e p r e s e n t s  a 
more r e a l i s t i c  c r o s s  s e c t i o n  th a n  t h e  s t e p  f u n c t i o n .  The e n e r g y
d i s t r i b u t i o n s  and t h e  c r o s s  s e c t i o n s  f o r  t h i s  model  a r e  shown i n
f(
e)
 
(e
V
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Monte Carlo
Boltzmann
e (eV)
Fig. VII-11. The electron energy distributions obtained, and the cross 
sections used, for the model gas with a Gerjuoy and Stein 
type inelastic cross section.
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Fig. VII-1], and transport coefficients obtained in the simulation and 
from the Boltzmann programme are listed in Table VII-8.
As can be seen from the diagram, this cross section is very
steep near threshold, but the distribution function from the Boltzmann
analysis is quite smooth. From the Table, however, it is seen that the
drift velocity calculated from this model is still considerably less
than for the case of a step function cross section of 6.0 £2 which
results in a distribution function having an abrupt change in curvature
(Fig. VII-2b), that is, the smoother cross section has less influence on
v^ than the step function cross section in these two cases. Further
investigation showed that the value of v„ obtained from the Boltzmannd
analysis using the Gerjuoy and Stein type cross section is equal to that 
for the step function cross section when Q = 5.0 X 2 , at which value there 
is still a noticeable change in curvature similar to that observed with 
Q = 6.0 X2. This feature ceased to be evident, however, with Q = 4.0 R2.
The ramp inelastic cross section of simulation 2 is also more 
realistic than the step function cross section. For example, as noted 
when discussing comparison 3, this behaviour is similar to that of the 
vibrational excitation cross sections in H2. As is seen from Table VII-3, 
discrepancies in the transport coefficients arise only at relatively high 
values of k. It may be thought that this is because the inelastic cross 
section is having a negligible effect on the energy distribution. That 
this is not so is illustrated in Fig. VII-12 which shows the Boltzmann 
distribution functions for E/N = 1.0 Td with k = 0 and 3 &2/eV. Not only 
is there a dramatic change in the distributions and transport coefficients 
as a consequence of the inelastic cross section but the results of the 
Boltzmann analysis agree with the simulations at both of these values of 
k (see Tables VII-1 and VI.I-2) . Hence, the assumptions implicit in the 
Boltzmann solution are still valid despite the large effects of the
IVi
Fig. VIa.-12. Electron energy distributions obtained in simulation 2. 
E/N = 1.0 Td.
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inelastic cross section.
From Comparison 3, there is strong evidence that the discrepancy 
between beam and swarm derived vibrational cross sections in H2 is not due 
to the breakdown of the two-term expansion in the analysis of swarm data. 
For both cross sections, the agreement between Monte Carlo and Boltzmann 
solution transport coefficients is extremely good. This implies the 
validity of the assumptions used in the Boltzmann analysis, even for the 
larger cross section and at the high energies used. The reason for the 
difference in the derived cross sections must, therefore, be found 
elsewhere.
Comparison D demonstrates that the agreement between the two 
methods in a real situation is quite good, even when the inelastic cross 
section is an appreciable fraction of the momentum transfer cross 
section. From Figs. VI1-8 and VII-9 it can be seen that q_^ is as much 
as 30% of q^ over the range of the energy distribution.
The study of anisotropic inelastic scattering shows that the 
anisotropy does have an effect on the transport coefficients, but that 
for the case of the CO simulation this effect is negligible except for 
the severe sint+(0/2) dependence. For the ramp inelastic cross section 
case, the discrepancy between the transport coefficients for the isotropic 
and anisotropic scattering simulations is comparable to the discrepancy 
between those for the isotropic scattering simulation and the Boltzmann 
analysis.
It should be noted that the effect of anisotropic scattering 
on the electron energy distributions is as one would expect: since the
effect of the electric field is to align the motion of the electrons 
towards the +z direction between collisions, the effect of forward 
scattering would be to enhance this effect, while back-scattering should
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d e c r e a s e  i t .  Thus i t  i s  r e a s o n a b l e  to  f i n d  i n c r e a s e s  i n  v ,  and e f o rd
f o r w a r d  s c a t t e r i n g ,  and the. o p p o s i t e  f o r  b a c k - s c a t t e r i n g .  T h i s  i s  s e e n  i n  
t h e  r e s u l t s ,  p a r t i c u l a r l y  i n  t h e  s e cond  c a s e .  The e f f e c t  o f  a n i s o t r o p y  
on t h e  e n e r g y  d i s t r i b u t i o n  i s  a l s o  o b s e r v a b l e  i n  t h i s  c a s e  a l t h o u g h  i t  i s  
t o o  s m a l l  t o  be  e a s i l y  s e e n  on a s m a l l - s c a l e  g r a p h .  The b a c k  s c a t t e r i n g  
c a s e  h a s  i t s  d i s t r i b u t i o n  s l i g h t l y  s h i f t e d  t o w a rd s  l o w e r  e n e r g i e s ,  and 
t h e  f o rw a r d  s c a t t e r i n g  c a s e  h a s  i t s  d i s t r i b u t i o n  s l i g h t l y  s h i f t e d  t o w a rd s  
h i g h e r  e n e r g i e s ,  r e l a t i v e  to  t h e  d i s t r i b u t i o n  f o r  i s o t r o p i c  s c a t t e r i n g .  
V I I - 5  CONCLUSION
A l th o u g h  t h i s  work i s  o n l y  i l l u s t r a t i v e ,  b e c a u s e  o f  i t s  
n e c e s s a r i l y  l i m i t e d  s c o p e ,  i t  does  show t h a t  t h e  a s s u m p t i o n  o f  t h e  v a l i d i t y  
o f  t h e  t w o - te r m  e x p a n s i o n  o f  t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  
s o l u t i o n  o f  t h e  Bol tzm ann  e q u a t i o n  f o r  e l e c t r o n  swarms i s  d e f e n s i b l e  even  
f o r  r e l a t i v e l y  l a r g e  v a l u e s  o f  t h e  r a t i o  q ^ / q ^ .
Thus ,  f o r  t h e  m ode l s  c o n s i d e r e d ,  i t  h a s  b e e n  shown t h a t ,  i n s o f a r  
a s  t h e  c o m p u t a t i o n  o f  t h e  t r a n s p o r t  c o e f f i c i e n t s  i s  c o n c e r n e d ,  t h e  
a s s u m p t i o n s  r e m a in  v a l i d  p r o v i d e d :
i )  i n  t h e  c a s e  o f  a s t e p - f u n c t i o n  i n e l a s t i c  c r o s s  s e c t i o n ,
t h e  i n e l a s t i c  c r o s s  s e c t i o n  i s  l e s s  t h a n  25% o f  t h e  e l a s t i c  
c r o s s  s e c t i o n ;  and
i i )  i n  t h e  c a s e  o f  t h e  r a m p - f u n c t i o n  i n e l a s t i c  c r o s s  s e c t i o n ,  
t h e  i n e l a s t i c  c r o s s  s e c t i o n  i s  l e s s  t h a n  a b o u t  50% o f  t h e  
e l a s t i c  c r o s s  s e c t i o n  a t  an e n e r g y  above  wh ich  t h e r e  i s  a 
n e g l i g i b l e  f r a c t i o n  o f  t h e  e l e c t r o n s  i n  t h e  e n e r g y  
d i s t r i b u t i o n .
F u r t h e r m o r e ,  t h e  CO model  shows t h a t  f o r  a r e a l  gas  w i t h  a l a r g e  
i n e l a s t i c  c r o s s  s e c t i o n ,  t h e  a s s u m p t i o n s  may s t i l l  be  v a l i d .
The s t u d i e s  o f  t h e  e f f e c t  o f  a n i s o t r o p i c  i n e l a s t i c  s c a t t e r i n g  
s u g g e s t  t h a t  t h i s  e f f e c t  may n o t  be  o f  g r e a t  s i g n i f i c a n c e  e x c e p t  where
t h e  s c a t t e r i n g  i s  s t r o n g l y  a n i s o t r o p i c ,  o r  t h e  l e v e l  o f  t h e  i n e l a s t i c
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cross section is such that the two-term expansion is already invalid.
These conclusions do not support those of Ferrari (1977), who
suggests that the breakdown of the validity of the two-term expansion
occurs at low levels of the inelastic cross section. However, it appears
(Crompton, 1977) that Ferrari may not appreciate that the momentum
transfer cross section which is derived from swarm experiments is the
effective momentum transfer cross section, and not just the momentum
transfer cross section for elastic collisions q . Indeed, in the coursemel
of the present study, it was found that setting q^ = q^ led to discrepancies
in the transport coefficients at quite low values of the inelastic cross
section. Ferrari’s consideration of anisotropic scattering, through his
parameter q , also leads to the conclusion that the usual treatment of
the Boltzmann equation is invalid, but again the results of this study
tend not to support this conclusion.
Nevertheless, this study has demonstrated significant errors
for models in which the ratio q./q is not unrealistic. Because of thel e
large amounts of computer time required for the simulations, it has not 
been possible to model all the cross section energy dependences which 
occur for real gases. Hence, before the results of a Boltzmann analysis 
of a gas with large inelastic cross sections are accepted, the cross 
sections should be carefully reviewed in the light of the above conclusions 
to estimate whether the numerical solution is likely to be invalid. Where 
there is any doubt about the validity, a simulation should be carried out 
to check the results of the Boltzmann analysis. The null-collision method 
described in this chapter provides a quick means of performing such a
check.
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CHAPTER VIII
THE MOMENTUM TRANSFER CROSS SECTION FOR e-0? COLLISIONS AT LOW ENERGIES
In Ch. VI a new set of electron drift velocity data in oxygen over 
the range 0.14 Td to 1.4 Td is presented. Since the purpose in obtaining 
these data was to facilitate the calculation of more accurate cross sections 
for low energy electron collisions in oxygen, a brief study was made of the 
cross sections required to fit the results. Because of the lack of accurate 
data for transport coefficients other than v^ in the energy range under 
consideration, it was decided that a comprehensive treatment could not 
be justified. For the same reason it was decided to assume a set of 
inelastic cross sections, and to fit the data by adjusting only the 
momentum transfer cross section. To adjust the inelastic cross sections 
as well as further data, such as experimental values of D^,/y, are 
required.
The inelastic cross sections assumed were those of Phelps (1976). 
Over the energy range in question (e < 1.5 eV) only three inelastic 
processes occurs: 
i) Rotational Excitation
Phelps used the Gerjuoy and Stein rotational excitation cross sections
r\
(Gerjuoy and Stein 1955) with a quadrupole moment of Q = 1.34 ea^, where
a is the atomic unit of length, a = 0.5292 X. The cross section for o o
excitation from a state with rotational quantum number J to a state with 
quantum number J+2 (recalling that the selection rule for changes in 
rotational states is AJ = 0, ± 2) is given by Gerjuoy and Stein as
qJ,J+2(e)
8TlQao (J+2) (J+l) . _ EJ, J+2.^
15 (2J+3) (2J+1) U  e ' * e eJ,J+2,
where eJ, J+2 is the threshold energy for the transition.
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The energy of a rotational level with quantum number J is 
given to sufficient accuracy by
e T = J(J+1) B ,
J o
where Bq is the rotational constant. For oxygen, B^ = 1.44566 cm 
1.7924 x 10 eV (Herzberg 1950). Hence e^. is given by
- 1
GJ,J+2 C J+2 EJ
(4J+6) B . o
The fractional population of rotational level J is given by
(I+a)(2J+1) exp (- Ej/kT)
E (I+a)(2J+1) exp (- e /kT) 
J J
where I is the nuclear spin of the atom, and a = 0 and 1 for the para
and ortho states respectively (Gilardini 1972). In which has
even-even nuclei (8 neutrons and 8 protons), 1 = 0 ,  and the para states
have even J. Hence only the odd J (ortho) states occur. The fractional
populations of the rotational states in le02 at 293 K are shown in
Fig. VIII-1. Only states up to J = 29 have significant populations at this
temperature. The rotational excitation cross sections in oxygen up to
the J = 29-31 excitation, for Q = 1.34 ea^, are shown in Fig. VIII-2.
Note that these are the absolute cross sections, not corrected for the
fractional populations of the lower J state. Note also that the cross
(J+2)(J+l)sections approach a limit at high J as the coefficient 
approaches 1/4.
(2J+3)(2J+1)
The Boltzmann analysis programme of Gibson (1970) was modified
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J
Fig. VIII-1. Population levels of the rotational states of 1G02 at 293 K.
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o< 0.2
0.001 0.01 0.1 1.0
e (eV)
Fig. VIII-2. Cross sections for rotational excitation of ^0^ by electron 
impact using Q = 1.34 ea2. The cross sections, in order of 
ascending threshold, represent excitations from J = 1-3 up to 
J = 29-31. Note that these are the absolute cross sections. The 
effective cross sections are obtained by multiplying by the 
appropriate fractional population ( see Fig. VIII-1).
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to include automatically the Gerjuoy and Stein cross sections. Superelastic 
changes in rotational state during collisions were also considered in the 
analysis.
ii) Vibrational Excitation
Phelps included only vibrational excitation via the O2 ion resonances. 
An electron, on impact with an oxygen molecule, may form a vibrationally 
excited negative ion in a highly resonant process. The ion may be then 
collisionally stabilized (see Ch. Ill), and thus attachment occurs, or 
the electron may detach before this occurs. In the latter case, the O2 
molecule may be left in vibrationally excited state. Phelps chose 
numerically convenient peak widths at the resonances, and doubled the 
energy integrated cross sections given by Linder and Schmidt (1971) to 
obtain satisfactory fits to experimental data. Direct excitation of 
vibrationally excited states was not included because Linder and Schmidt 
saw no evidence that this was significant.
The vibrational excitation cross sections used are shown in 
Fig. VIII-3.
iii) Electronic Excitation
Only one electronic excitation channel occurs in the region of
interest. This is excitation to the a1A state, with a threshold energyg
of 0.977 eV. Phelps used the cross sections of Linder and Schmidt and 
of Trajmar, Cartwright and Williams (1971) for this cross section, which 
is also shown in Fig. VIII-3.
A listing of the vibrational and electronic excitation cross
sections used is given in Table VIII-1.
A trial momentum transfer cross section was assumed, and the
drift velocities calculated for E/N = 0.14 to 2.0 Td. The values of v,d
at 1.7 and 2.0 Td from Huxley and Crompton (1974) were included to extend 
the range of energies being studied.
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4 and a1A
0 0.4 0.8 1.2
e (eV)
Fie. VIII-3. Vibrational and electronic excitation cross sections for
Oxveen as suDDlied by PhelDS. a) v = 0-1 excitation, b) v = 0-
excitation. c) v = 0-3 excitation, d) v = 0-4 excitation and
a*A excitation, e
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TABLE VIII-1 Listing of the inelastic cross sections used in this study.
The threshold energy is the second energy listed in each case.
V = 0-1 excitation b) v = 0-2 excitation
e(eV) q(X2) e (eV) q(X2)
0.0 0.0 0.0 0.0
0.19 0.0 0.38 0.0
0.20 0.075 0.56 0.0
0.21 0.075 0.57 0.112
0.23 0.0 0.59 0.0
0.32 0.0 0.68 0.0
0.33 0.3 0.69 0.332
0.35 0.0 0.71 0.0
0.44 0.0 0.79 0.0
0.45 1.15 0.80 0.428
0.47 0.0 0.82 0.0
0.56 0.0 0.90 0.0
0.57 1.6 0.91 0.372
0.59 0.0 0.93 0.0
0.68 0.0 1.02 0.0
0.69 1.4 1.03 0.252
0.71 0.0 1.05 0.0
0.79 0.0 1.13 0.0
0.80 0.88 1.14 0.16
0.82 0.0 1.16 0.0
0.90 0.0 1.23 0.0
0.91 0.53 1.24 0.076
0.93 0.0 1.26 0.0
1.02 0.0 1.34 0.0
1.03 0.228 1.35 0.032
1.05 0.0 1.37 0.0
1.13 0.0 1.44 0.0
1.14 0.12 1.45 0.0148
1.16 0.0 1.47 0.0
1.23 0.0
1.24 0.068
1.26 0.0
1.34 0.0
1.35 0.0132
1.37 0.0
1.44 0.0
1.45 0.044
1.47 0.0
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TABLE VIII-1 (Cont’d)
c)
e)
V = 0-3 excitation d) v = 0-4 excitation
e(eV) q ( £ 2) e (eV) q $ 2 )
0.0 0.0 0.0 0.0
0.57 0.0 0.75 0.0
0.68 0.0 0.79 0.0
0.69 0.0029 0.80 0.0012
0.71 0.0 0.82 0.0
0.79 0.0 0.90 0.0
0.80 0.0172 0.91 0.0044
0.82 0.0 0.93 0.0
0.90 0.0 1.02 0.0
0.91 0.072 1.03 0.0003
0.93 0.0 1.05 0.0
1.02 0.0 1.13 0.0
1.03 0.096 1.14 0.0132
1.05 0.0 1.16 0.0
1.13 0.0 1.23 0.0
1.14 0.092 1.24 0.0252
1.16 0.0 1.26 0.0
1.23 0.0 1.34 0.0
1.24 0.076 1.35 0.0268
1.26 0.0 1.37 0.0
1.34 0.0 1.44 0.0
1.35 0.044 1.45 0.0228
1.37 0.0 1.47 0.0
1.44 0.0
1.45 0.024
1.47 0.0
a*A electronic excitation g
e (eV) q(X2)
0.0 0.0
0.977 0.0
1.5 0.0058
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In light of the drift velocities obtained from the calculations,
q^ was modified to obtain a better agreement with the experimental drift
velocity data. The process was repeated until the agreement with
experimental values of v, was everywhere less than 2%. Since this isd
better than the claimed uncertainty of the present data, the study was
stopped at this point. Huxley and Crompton claim an uncertainty of 1%
at 1.7 and 2.0 Td, where the discrepancies with the calculated drift
velocities in this case were 0.8% and 1.1% respectively.
The momentum transfer cross section which was obtained is
shown in Fig. VIII-4, and listed in Table VIII-2. The drift velocities
were insensitive to small changes in q above about 0.7 eV, so no structurem
was included beyond this point.
A feature of the cross section is the resonance at 0.2 eV.
Unless this structure was included the data could not be adequately 
fitted at all energies. Since the energy of this resonance coincides with 
the small temporary negative ion resonance in the v' = 1 excitation cross 
section, it is tempting to speculate that the negative ion resonances are 
also reflected in the momentum transfer cross section. Obviously the 
vibrational excitation cross sections contribute to the effective momentum 
transfer cross section, but since this effect is larger than the vibrational 
excitation resonance, the resonance may also occur in the elastic 
scattering cross section. This point was not pursued in the fitting 
procedure since the resonance at 0.45 eV occurs at an energy where the 
drift velocities being calculated are not very sensitive to changes in q^. 
However, experience gained during the fitting procedure suggest that it 
would not be too difficult to give the momentum transfer cross section a 
further resonance at this energy and still fit the present drift velocity 
data. Whether or not this would be consistent with experimental data at 
higher energies remains to be seen.
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e (eV)
Fig. VIII-4. The momentum transfer cross section for electron collisions in 
Oxygen which was derived in this study (see text).
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TABLE VIII-2 Momentum transfer cross section for oxygen derived in this study
e (eV) q ( X 2 )m
0.0 1.7
0.02 2.3
0.04 2.7
0.06 3.3
0.08 3.9
0.10 4.6
0.12 5.4
0.14 5.7
0.16 5.8
0.18 5.9
0.20 6.0
0.22 6.0
0.24 5.9
0.26 5.8
0.28 5.5
0.30 5.2
0.32 4.9
0.34 4.8
0.36 4.8
0.38 4.85
0.40 4.9
0.42 5.0
0.44 5.1
0.46 5.2
0.48 5.3
0.50 5.4
0.53 5.5
0.56 5.6
0.59 5.7
0.64 5.8
0.68 5.9
0.72 6.0
1.5 6.0
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The drift velocities obtained with the derived cross section are 
shown in Fig. VIII-5, and compared with the experimental data. In Fig. 
VIII-6a comparison is made between the calculated values of D^/p and the 
Dr^/p data of Huxley and Crompton. These latter data were compiled by 
Rees and have a nominal uncertainty of ± 5%, although the actual errors 
may be somewhat larger.
It is seen that the calculated values of D^/p differ from the
experimental points by considerably more than the nominal uncertainty.
Thus the cross sections used are not compatible with these data, and
adjustments need to be made to the inelastic cross sections as well as
if the D^/p data are to be fitted also. However, considering the
limited range over which the D /p data are available, and their uncertain
accuracy, no attempt was made to obtain agreement with them as well as
the experimental values of v,.d
Because of the conclusions reached in Ch. VII, it is necessary 
to review the cross sections used in this study to determine if the 
inelastic cross sections are large enough to invalidate the numerical 
Boltzmann analysis.
The rotational cross sections, when weighted for the relative 
populations of the rotational states, have a maximum value of
0.24 X2, and the maximum vibrational excitation cross section is about 
1.6 X2. Hence, the inelastic cross sections are usually between 5-10% 
of the momentum transfer cross section except at the vibrational resonances 
where the maximum fraction is about 33%. Thus it appears almost certain 
that the assumptions used in the numerical solution are valid in this case.
1 50
E/N (Td)
Fig. VIII-5. Values of electron drift velocities in Oxygen
calculated from the cross sections presented 
here, compared to experimental results. X - present 
results; 1.7 and 2.0 Td - Huxley and Crompton.
I 3  1
Fig. VIII-6. Values of D^/p in Oxygen calculated from the cross sections 
presented here, compared to the experimental results quoted 
by Huxley and Crompton.
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CHAPTER IX 
CONCLUSION
The r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  a r e  o f  c o n s i d e r a b l e  
i m p o r t a n c e  to  t h e  s t u d y  o f  low e n e r g y  e l e c t r o n - m o l e c u l e  i n t e r a c t i o n s .
The oxygen d r i f t  v e l o c i t y  d a t a  r e p r e s e n t  t h e  f i r s t  m ea s u rem e n ts  to  be 
made i n  t h i s  gas  be low  1 .0  Td w i t h  a s y s t e m a t i c  a p p r o a c h  to  e l i m i n a t e  
end e f f e c t s  and p r e s s u r e  d e p e n d e n c e s .  M oreove r ,  t h e  co m p u te r  s i m u l a t i o n  
s t u d y  h a s  e x p l o r e d  t h e  v a l i d i t y ,  when t h e r e  i s  a s i g n i f i c a n t  e n e r g y  
l o s s  mechanism,  o f  t h e  n u m e r i c a l  p r o c e d u r e  u s e d  to  d e r i v e  e l e c t r o n  im p a c t  
c r o s s  s e c t i o n s  from m ea s u red  e l e c t r o n  swarm p a r a m e t e r s .
The s i m u l a t i o n s ,  w h ich  u s e d  model  g a s e s  w i t h  v a r y i n g  l e v e l s  
o f  i n e l a s t i c  c r o s s  s e c t i o n ,  h a v e  d e m o n s t r a t e d  t h a t  t h e  u s u a l  s o l u t i o n  o f  
t h e  Bol tzmann  e q u a t i o n  i s  v a l i d  up t o  q u i t e  l a r g e  v a l u e s  o f  t h e  r a t i o  
o f  i n e l a s t i c  t o  e l a s t i c  c r o s s  s e c t i o n s .  I t  seems l i k e l y  t h a t ,  f o r  most  
r e a l  c a s e s ,  t h e  l e v e l  o f  i n e l a s t i c  c r o s s  s e c t i o n  i s  low enough t h a t  
t h e  v a l i d i t y  o f  t h e  n u m e r i c a l  p r o c e d u r e  w i l l  n o t  be c a l l e d  i n t o  q u e s t i o n .  
Where d oub t  does  a r i s e ,  t h e  n u l l  c o l l i s i o n  s i m u l a t i o n  method p r e s e n t e d  
h e r e  p r o v i d e s  a q u i c k  means o f  c h e c k i n g  t h e  n u m e r i c a l l y  d e r i v e d  t r a n s p o r t  
c o e f f i c i e n t s  a g a i n s t  t h o s e  o b t a i n e d  d i r e c t l y  by s i m u l a t i o n .
The new method o f  m e a s u r i n g  e l e c t r o n  d r i f t  v e l o c i t i e s  i n  
a t t a c h i n g  g a s e s  h a s  p ro v e d  q u i t e  s u c c e s s f u l  d e s p i t e  t h e  number o f  
u n f o r e s e e n  e x p e r i m e n t a l  p r o b le m s  t h a t  a r o s e  i n  t h e  c o u r s e  o f  t h e  work.
By e x t e n d i n g  t h e  l o w e r  l i m i t  to  m ea s u rem e n ts  i n  oxygen  to  be low 0 . 2  Td, 
t h e  t e c h n i q u e  h a s  shown t h a t  i t  can p r o v i d e  u s e f u l  r e s u l t s  i n  v e r y  
d i f f i c u l t  e x p e r i m e n t a l  c o n d i t i o n s .  I t  i s  q u i t e  l i k e l y  t h a t  s i m i l a r  
e x t e n s i o n s  o f  m e a su rem e n ts  to  low e n e r g i e s  can  be  made i n  o t h e r  a t t a c h i n g  
g a s e s  w i t h  a minimum o f  f u r t h e r  d e v e lo p m e n t .
The a g r e e m e n t  o f  t h e  p r e s e n t  r e s u l t s  w i t h  t h o s e  o f  N e l son  and
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Davis down to about 0.35 Td is important since it was necessary to regard 
the earlier data with some caution because they were obtained at one 
pressure only and thus the effects of any pressure dependence were not 
accounted for. The deviation between the two sets of data at lower 
energies is, however, significant, and remains to be explained. There 
are several possible explanations but none can be identified as a 
specific cause of the discrepancy due to the lack of detailed 
information about the Drift-Dwell-Drift experiment.
At first sight it would appear that a most likely cause was 
contamination of the gas in the DDD experiment by polyatomic impurities.
As we have seen, the electron drift velocity in oxygen at low values 
of E/N is very sensitive to impurity. This is because the many low-threshold 
inelastic excitation processes in the impurities have a strong thermalising 
effect on the electron swarm, thus raising the drift velocity. However, 
the DDD experiment used a high rate of flow of gas through the drift tube, 
so it seems unlikely that there was any significant impurity concentration.
Another possibility is inadequate correction for the effects of 
attachment on the measured drift velocity. However, two points arise in 
connection with this supposition. Firstly, the correction factor as 
calculated for this study, at 0.14 Td and 0.53 kPa, is only about 8%, 
while the disagreement between the DDD value of the drift velocity and 
the present corrected value at 0.14 Td is about 20%. Secondly, Nelson 
and Davis used an analysis which fitted a theoretical TOF spectrum to 
the measured distribution, so that the effects of attachment were included 
in the analysis. Hence their reported values should be actual, rather 
than measured, drift velocities.
Thus we are left with the conclusion that the reason for the 
difference between the two sets of results is unknown, and will probably 
remain so. A point that should be noted is the fact that Nelson and
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Davis  u sed  a no rm a l  TOF t e c h n i q u e  down to  0 . 5  Td, and  t h e  DDD method be low 
t h i s  p o i n t .  Thus t h e i r  v a l u e  o f  v^ a t  0 . 3 5  Td i s  t h e  o n l y  DDD r e s u l t  to  
a g r e e  w i t h  t h e  p r e s e n t  r e s u l t s .  T h i s  r a i s e s  t h e  p o s s i b i l i t y  t h a t  e i t h e r  
t h e  DDD method i t s e l f ,  o r  i t s  a p p l i c a t i o n  i n  t h i s  i n s t a n c e ,  i s  i n  e r r o r ,  
b u t  w i t h o u t  a d e t a i l e d  a c c o u n t  o f  t h e  e x p e r i m e n t a l  p a r a m e t e r s  n o t h i n g  
f u r t h e r  can b e  s a i d .  The w e i g h t  o f  e x p e r i m e n t a l  e v i d e n c e ,  how ever ,  
s u p p o r t s  t h e  p r e s e n t  d a t a  a s  b e i n g  c o r r e c t  b e c a u s e  o f  t h e  good a g re e m e n t  
b e tw e e n  r e s u l t s  o b t a i n e d  a t  d i f f e r e n t  p r e s s u r e s .
N o t w i t h s t a n d i n g  t h e  s u c c e s s  o f  t h e  new d r i f t  t u b e ,  i t s  
o p e r a t i o n  h a s  shown t h a t  i t s  d e s i g n  can  be  im proved  i n  s e v e r a l  ways,  
and i t  i s  p r o b a b l e  t h a t  su c h  an  improved  d r i f t  t u b e  may be  c a p a b l e  o f  
measurem ent  i n  oxygen  a t  even  lo w e r  v a l u e s  o f  E/N.
The most  p r e s s i n g  p r o b le m  i s  t h a t  o f  h i g h  e n e r g y  e l e c t r o n s  from 
t h e  s o u r c e .  I f  t h e  s o u r c e  c a n  b e  s u i t a b l y  m o d i f i e d  to  r e d u c e  t h e  number 
o f  h i g h  e n e r g y  e l e c t r o n s  r e a c h i n g  t h e  s h u t t e r  t h e r e  w i l l  be a c o n s i d e r a b l e  
improvement  i n  t h e  s i g n a l - t o - n o i s e  r a t i o  c a u s e d  by h i g h  e n e r g y
e l e c t r o n s  p a s s i n g  t h r o u g h  t h e  c l o s e d  s h u t t e r .  The s o l u t i o n  to  t h i s  
p rob lem  would a l l o w  t h e  s h u t t e r e d  mode o f  o p e r a t i o n  t o  be  u s e d .  H o p e f u l l y  
t h i s  would  a l s o  mean t h a t  t h e  d i f f e r e n c i n g  t e c h n i q u e  c o u ld  b e  d i s p e n s e d  
w i t h  i f  t h e  a n a l y s i s  o f  t h e  r e s u l t s  p r o v e s  a d e q u a t e  t o  a c c o u n t  f o r  end 
e f f e c t s .
Some work  h a s  a l r e a d y  been  done on t h i s  p ro b le m .  From t h e  
f i r s t  Townsend i o n i z a t i o n  c o e f f i c i e n t  d a t a  o f  Burch  and G e b a l l e  (1 9 5 6 ) ,  
i t  was c a l c u l a t e d  t h a t  t h e  l e n g t h  o f  t h e  m u l t i p l i c a t i o n  r e g i o n  o f  t h e  
s o u r c e  c o u ld  b e  i n c r e a s e d  y e t  p r o v i d e  a b o u t  t h e  same amount  o f  g a i n  w i t h  
t h e  same m u l t i p l i c a t i o n  p o t e n t i a l .  T h i s  i s  b e c a u s e  t h e  i n c r e a s e  in  
d r i f t  d i s t a n c e  i n  t h e  r e g i o n  o f f s e t s  t h e  d e c r e a s e d  i o n i z a t i o n  c o e f f i c i e n t  
a t  t h e  low e r  v a l u e  o f  E/N.  However ,  t h e  e l e c t r o n s  l e a v i n g  t h e  s o u r c e
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would have a lower energy because of the lower value of E/N.
It was estimated that, for the voltage and pressures being used, 
an optimum value for the multiplication length is about 6 mm. The 
avalanche region was thus extended from 1 mm to 6mm, and the current 
received on the detection electrode measured as a function of the shutter 
potential and multiplication potential before and after the modification. 
The measurements were made at 0.41 kPa, with a 50 V field potential across 
the shorter configuration of the tube, i.e. at E/N ~1.6 Td. The percentage 
of current transmitted at 16 V shutter potential dropped from 24% before 
modification to 11% after modification, with a 200 V multiplication 
potential. An encouraging feature was the fact that the total current 
measured after the modification was almost identical with that measured 
before. At 100 V and 50 V multiplication potentials, the transmitted 
current of 16 V shutter potential dropped from 9% to 4.5%, and from 5.4% 
to 4.4% respectively. However, at these lower voltages the total current 
was significantly less than before modification.
These tests showed that the source can be modified to produce 
electrons of lower energy, and it appears that the source conditions 
required can be obtained with little further development.
Another modification which could be worthwhile is a reduction 
in the thickness of the detection region. This would help define the 
response peak more precisely. In the present tube, electrons take up 
to 6 yS to cross the detection region, which time is comparable to the 
shutter open time and contributes to broadening of the response peak.
A further benefit of shortening this region would be to lower the pulse 
voltage required to detect electrons, lessening the chance of breakdown 
from the pulsing electrode to the guard rings. In the present tube, 
the distance from the electrode to the rings is about the same as the
distance to the wire grid. Trouble was experienced with breakdown to the
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guard rings until the electrode was redesigned with large-radius edges 
(see Fig. IV-2). It was not considered desirable to reduce the diameter 
of the pulsing electrode because of the need to maintain a uniform 
sampling field over as much of the detection region as possible.
A possible drawback to this modification, however, is that the 
effect of the sampling electrode on the swarm could extend through a 
significant proportion of the sampling region. Recall that the electrode 
is in fact an absorbing anode and the electron number density at its 
surface is zero. The effect may be so large as to force its inclusion 
in the analysis of the results (see Ch. VI).
Because of the problems experienced with impurities, thought to 
be produced from H2 and possibly CO emanating from the tube envelope, 
it is recommended that extreme care be exercised in the selection of 
materials in any future experiments designed to measure electron swarm 
parameters in oxygen at low pressures. Two criteria need to be considered 
the materials need to have a low inherent content of possible contaminants 
e.g. stainless steel should be avoided because of its high H2 content; 
and the materials should be capable of withstanding high temperatures 
so that the equipment can be baked if necessary to remove impurities.
In other words, the equipment should be designed to very strict ultra-high 
vacuum standards.
It is planned to use a mass spectrometer to try to identify 
the condensable impurities produced in the present experiment. If the 
impurities can be identified, it may then be possible to devise a scheme 
to minimise their production.
Another feature which should be considered in future experiments 
of this kind is the inclusion of a variable length mechanism, so that 
differencing measurements can be made more easily. It is apparent, both
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from the present experiments and from those of Crompton and Elford, that 
considerable end effects may arise in measurements of in highly 
attachinggases. Since these may be difficult to account for analytically, 
the use of the differencing technique provides a simple and elegant means 
of eliminating effects due to the tube boundaries and diffusion, leaving 
only the effect of attachment. The present experiment was not designed 
initially to have its length varied, so it had to be rebuilt to obtain 
different drift lengths. A tube designed to be quickly changed between 
drift lengths while maintaining the integrity of the envelope would be 
much more versatile than the present tube.
The analysis of the present drift velocity results to obtain 
the momentum transfer cross section should be regarded as little more 
than illustrative. Because of the lack of accurate experimental 
measurements of D^/y at low values of E/N, and the corresponding decision 
not to adjust the inelastic cross sections, the derived cross section is 
almost certainly not accurate. However, it appears that the resonant 
structure observed is probably real although its precise shape is open to 
question. Originally a cross section was derived that had a sharper 
resonance than the cross section shown in Fig. VIII-4. This cross section 
represents an attempt to make the resonance as small and broad as possible, 
consistent with the drift velocity data. The possibility that other O2 
vibrational resonances are also present in the momentum transfer cross 
section was, as mentioned in Ch. VIII, not explored because the analysis 
would need to be extended to higher energies. Here the inelastic cross 
sections would certainly have to be modified to bring the calculated 
value of D^/y into line with experimental determination.
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It is unfortunate that the range of experimental data for D^/y
or Dm does not match the range, over which v, is now available. It had I d
been hoped that a modified Cavalieri diffusion experiment being conducted 
in these laboratories would have provided these results, but a major 
set-back due to equipment failure delayed the programme by many months. 
However, the experiment is now in progress again so that some data for 
at low energies may soon be available.
Another possibility for the determination of electron impact 
cross sections in oxygen is their derivation from swarm experiments in 
air. It is planned to use the new drift tube for experiments in air as 
soon as possible. The estimated lower limit to operation in air is 
0.05 Td. If this figure can be achieved, the possibilities of obtaining 
cross sections in oxygen and nitrogen that are consistent with observed 
transport properties in both of these gases and in air are extremely 
good. Of course, the data for electron drift velocities in air are 
useful in their own right, e.g. to determine the conductivity of high 
temperature air for studies of electromagnetic wave propogation in the 
atmosphere.
In summary, the work presented in this
thesis shows that the pulsed RF electron detection technique can be 
successfully applied to the measurement of electron drift velocities 
in attaching gases. Although a significant reduction in the lower 
limit to measurement of v^ in oxygen has been achieved, the possibilities 
of the method are by no means exhausted. It appears that the present 
experiment can be used equally satisfactorily in several other gases, 
particularly air. Further development and refinement of the technique 
will enable drift velocity data to be obtained under many conditions 
where conventional drift tubes cannot easily be used.
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APPENDIX A 
THE DATA CONVERTER
This section describes the Data Converter which was built to 
interface the ADC to a scaler so that the 12-bit parallel-data number 
from the ADC is displayed on the scaler (see Ch. III).
The circuitry of the Data Converter is shown in Fig. A-l. Five 
TTL integrated circuits are used - three 9316 4-bit synchronous binary 
counters, a hex inverter, and a quad 2-input NAND gate chip. The three 
counters are connected in such a way that they may be regarded as a 
single 12-bit counter. The Terminal Count (TC) output is high when the 
count is 7777g and the Count-Enable Input CET is high. Data is loaded 
into the counter from the inputs (P^) on a rising clock pulse if the 
complemented Parallel Enable (PE) input is low, and counting proceeds if 
Count-Enable inputs CEP and CET, as well as PE, are high. CET (= CET^) 
is left floating, and so assumes a high state.
The gated clock is formed by inverters 4b and 4c, and gate 5c, 
as well as resistors and and capacitor C^. The operating frequency 
is approximately 1 MHZ, although this can be raised by decreasing C^ if 
the scaler to be used has an adequate response. The basic counter and 
clock circuits are to be found in Alfke and Larsen (1973).
Altogether, there are 15 data lines connecting the ADC and the 
converter. As well as 12 lines for the parallel output data, there is a 
Data Ready (DR) line on which the ADC flags that a signal has been digitized 
and data is ready for transfer, a Data Enable (DE) line which is used to 
open gates in the ADC so that the data stored in the ADC are presented to 
the data lines, and a Data Accepted (DA) line, to signal the ADC to reset 
its counters and flags ready for a new input signal. All lines use 
complemented logic, i.e. 0 V = 1, +5 V = 0.
The DE line is tied to ground, so that the internal ADC gates
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a r e  a lw ays  ope n .  T h i s  means t h a t  t h e  ADC d a t a  a r e  c o n t i n u o u s l y  p r e s e n t  
on t h e  o u t p u t  l i n e s ,  b u t  t h i s  c a u s e s  no p rob lem  a s  t h e  c o n v e r t e r  o n l y  a c c e p t s  
d a t a  when t h e  DR l i n e  i s  f l a g g e d .
The complemented  d a t a  a r e  l o a d e d  d i r e c t l y  i n t o  t h e  c o u n t e r  a s  the  
one s -c om ple m e n t  o f  t h e  r e q u i r e d  num ber ,  so t h a t  when t h e  c o u n t e r  s t a r t s  
a t  t h i s  number and c o u n t s  to  t e r m i n a l  c o u n t ,  t h e  c o r r e c t  number o f  c l o c k  
p u l s e s  h a s  be e n  c o u n t e d .  Suppose ,  f o r  exam p le ,  t h a t  t h e  o u t p u t  o f  t h e  ADC 
i s  21530 , t h e n  t h e  c o n v e r t e r  l o a d s  t h e  d a t a  a s  56240 , and c o u n t s  to  TC
o  o
g i v i n g  77770 -  5624c = 2153c c l o c k  p u l s e s .  I n  o c t a l  n o t a t i o n ,  t h e  i n p u to o o
can  be  more c o n v e n i e n t l y  r e g a r d e d  a s  b e i n g  i n  s e v e n s - c o m p l e m e n t .
I n  t h e  q u i e s c e n t  s t a t e  o f  t h e  c o n v e r t e r ,  TC and DR a r e  h i g h ,  
so t h a t  g a t e  5a d i s a b l e s  g a t e  5c and t h e  c l o c k  i s  s t o p p e d .  I n  t h i s  s t a t e  
b o t h  CP and CP2 a r e  h i g h .  TC from i n v e r t e r  4d h o l d s  CEP low so c o u n t i n g  
c a n n o t  p r o c e e d ,  w h i l e  a l s o  d i s a b l i n g  g a t e  5d so no CP2 p u l s e s  can  p a s s  
t o  t h e  s c a l e r .  I n v e r t e r  4e i s  u sed  a s  a b u f f e r ,  and a l s o  t o  e n s u r e  t h a t  
t h e  o u t p u t  t o  t h e  s c a l e r  i s  a t r a i n  o f  p o s i t i v e  p u l s e s .  A t i m i n g  d i ag ra m  
i s  shown i n  F i g .  A-2.
When a  DR s i g n a l  i s  r e c e i v e d  ( i . e .  DR goes  l o w ) ,  g a t e s  4a and 
5b t a k e  PE low,  and t h e  o u t p u t  o f  g a t e  5a goes  h i g h ,  a l l o w i n g  t h e  c l o c k  
to  o p e r a t e .  CP i m m e d i a t e l y  goes  low,  and h i g h  a g a i n  a f t e r  a b o u t  h a l f  a 
c l o c k  p e r i o d .  S i n c e  PE i s  low,  t h e  i n p u t  d a t a  n ,  s a y ,  i s  s t r o b e d  i n t o  
t h e  c o u n t e r .  Now TC w i l l  go low,  s i g n a l l i n g  DA, w h i l e  TC goes  h i g h  
e n a b l i n g  CEP t o  a l l o w  c o u n t i n g ,  and o p e n in g  g a t e  5d t o  a l l o w  p u l s e s  to  
t h e  c o u n t e r .  DA r e s e t s  t h e  ADC, so t h a t  DR goes h i g h  b u t ,  b e c a u s e  TC i s  
low,  g a t e  5c i s  k e p t  open  and t h e  c l o c k  s t i l l  o p e r a t e s .  At t h i s  s t a g e  
CP2 h a s  gone low,  so t h e  o u t p u t  o f  5d r e m a in s  h i g h  and h e n c e  t h a t  o f  
i n v e r t e r  4e  s t a y s  low.
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Fig. A-2. Timing diagram for the Data Converter.
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About a half clock period later, CP2 goes high, taking CP low 
and driving the output of inverter 4e high. Thereafter, the counter 
increments on every positive transition of CP and the output follows CP2.
The counter is clocked into the terminal state on the (n+l)th 
rising CP edge after the DR signal, the first having been used to strobe 
the data into the counter. In the same time n pulses have been sent to 
the scaler. CP2 and the output are both low at this time, and the 
transition of TC to low disables both gate 5d (so that no more pulses can 
pass) and CEP (to stop counting). The transition of TC to high, in the 
meantime, takes the output of gate 5a low, stopping the clock so that 
CP stays high, and CP2 goes high about half a clock period later.
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APPENDIX B
COMPUTER CONTROL OF THE PULSED-RF-DETECTION DRIFT TUBE
The running of the drift velocity experiment described in Ch. IV 
is controlled by a PDP8e minicomputer. This has the benefits mentioned in 
that chapter, not the least of which is the ability to run much longer 
experiments to gain better statistics.
There are two main programmes used in the control of the 
experiment. The Operating System programme OPSYS is the general programme 
which allows several experiments to be controlled by the computer 
according to commands typed in on the computer terminal. OPSYS was 
originally written by Gibson, and has since been slightly modified by 
Rhyme s.
The second programme, CDT, contains the control routines for 
the drift tube. These routines send delay information to the experiment and 
receive, storeand process the response information. Annotated compilation 
listings of both programmes are included at the end of this Appendix and 
are referred to from time to time in what follows. Note that CDT is 
loaded after OPSYS, and overwrites part of it, to enable control to be 
transferred to the proper routines when the system is running.
The computer is able to service several experiments at once 
with the aid of "interrupts". For most of the time the computer is idle, 
waiting for a command to execute one or other of the programme loaded 
into it. When an experiment requires servicing, it signals the computer 
by forcing the interrupt control line to a low level. When the computer 
receives an interrupt, it executes a hardware subroutine jump to 
location zero. This means that, once it has finished whatever instruction 
it was executing at the time of the interrupt, the computer passes control 
to the instruction at location 00010, while the address of the commando
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that would have been performed next is stored in location 0000o for latero
retrieval. At the same time, the interrupt line is disabled so that further 
interrupts will not interfere with the servicing routine. The computer is 
a 12-bit machine; for convenience, addresses and instructions are expressed 
as an octal number, so that the subscript for octal notation will be 
dropped in what follows.
Under OPSYS, the computer normally sits in a "wait loop" in 
locations 103 and 104. At turn-on, the computer is started at location 
100, from where it clears flags and enables the interrupt line before 
entering the wait loop. Upon interrupt, control passes to location 1, 
which send control to location 400, the start of the "skip chain".
The purpose of the skip chain is to test in turn the various 
devices which could have caused the interrupt, thus determining which 
device did, in fact, signal. The contents of the accumulator (AC) and 
link (the 13th bit, used for overflow in addition, etc.) are stored, and 
then signals are sent to all devices to test their interrupt flag. If 
a device has its flag set, the receipt of the proper I0T (input/output 
transfer) signals causes it to take the "skip" line low. This tells the 
computer to skip over the next instruction in its memory. The skip chain 
is arranged so that the instructions to jump to the various servicing 
routines are skipped over unless the appropriate interrupt flag is set.
As an example, suppose that the CDT experiment is to be set 
up with a start delay of 100 yS and 30 delay increments of 2.5 yS, and 
that there are to be 4000 sweeps through the delay range.
The command to the computer to alert it that a call to a system 
programme is to be entered is which is followed by a character to
signify the programme being called - in this case "W".
When "#" is typed on the control keyboard, the code for the
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symbol, in ASCII, is passed to the terminal interface unit, which then 
interrupts the wait loop. When the test for the keyboard flag (KSF) is 
applied, the interface takes the skip line low, so that the skip instruction 
in location 405 is passed over, and the KBDIP input routine is entered.
In this routine, the character typed in is read from the 
terminal interface into the AC, stored, and then tested to see if it is 
243 - the octal representation of the ASCII code for If it is, then the
address of the routine which decodes the routing symbol is loaded into 
SWITCH, and the terminal instructed to print on a new line. Control
is then returned to the wait loop, after the AC and link contents are 
regained, and the interrupt line enabled.
When "W" is typed, the procedure is as above until the test 
for "//" is failed, whereupon control is passed to the routine whose 
location is stored in SWITCH. In this case the routine checks the last 
character typed against a lookup list, and if a match is made a new 
location, corresponding to the routine indicated by the character, is 
stored in SWITCH. Because CDT has overwritten OPSYS, the address 
corresponding to "W" is 4000, the location of the terminal control 
routine in CDT. The character is printed, and control returned to the 
wait loop.
Next to be typed is a character to determine which CDT routine 
is being called. There are 4 options - I (input), 0 (output), G (go), 
and H (halt). In this case, "I" is typed, and the KBDIP routine transfers 
control to the terminal control routine at location 4000. Here, the 
lookup routine is again used, this time to determine which of the four 
options is being called. Since "I" is matched, 4057, which is address 
of the CDT input routine, is deposited into SWITCH, ready for the next 
keyboard input.
The next character to be typed determines which input parameter
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is to be entered. The options here are S (start delay), D (delay increment),
N (no. of delays), M and K (number of sweeps = M x K). There is a restriction 
on the values of M and K (because they are entered as floating-point 
numbers and converted to integers within the computer) that they must be 
less than 2048.n = 4000o, so two parameters are needed if more than 20481U o
sweeps are required. In the example we are following, the input would be 
M = 2000 and K = 2.
The lookup routine is again used to route control to the 
appropriate location. The computer prints the typed character on a new 
line and waits for the value of the parameter to be typed in. For S and 
D, the input is directly in units of 10 pS, to correspond to the DDG 
increments. The subroutine BCDINP is used to convert each ASCII character 
into BCD and store it, as well as echoing it on the printer. This method 
was used because the DDG uses BCD coding. Thus it was considered easier to 
work in BCD throughout the programme, only converting delays to FP for 
the output table, rather than inputting in FP and then converting to BCD.
Thus, for S and D, six digits are typed in to give the delay value.
For the N, K, and M inputs, Gibson’s FDKGN routine is used.
The numbers required are typed in floating-point, being echoed by the 
computer as they are typed. Typing the space character indicates that 
the number is complete. The FP numbers, and their integer conversions, 
are then stored.
After each of the parameters has been typed in the. computer waits 
for another input character to be typed. Therefore, to exit to OPSYS, 
another must be typed. If our example has just been set up, the
terminal output would show the following:
// W I
S010000
D000250
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N30 
M2 000
K2.
To start the experiment, the command is "#WG". The lookup 
routine decodes "G" to send control to the WGO routine which initializes 
the counters for N, M, and K, and clears the FP storage locations in 
field 1 which are used to accumulate the response data.
The address of the main routine (3600) is loaded into BW (517) 
so that receipt of a 62 interrupt will send control to the main routine. 
When the experiment is not running, BW contains the address of the RETURN 
routine, so that any interrupt that arrives when the experiment is being 
run in a local mode to set up source conditions etc., just sends control 
back to the wait loop.
The initializing routine INITM in the main programme is then 
used to initialize the locations which contain the storage location 
addresses, and the information for the first delay is then sent to the 
DDG. The transmission of these data also sets the DDG trigger flag in 
the local control interface so that the DDG is triggered on the next 
clock pulse.
After completion of a sample, the experiment interrupts the 
computer, and the test for interrupt 62 causes control to skip to 
location 515. Here, the ADC data (in negative true logic) is read into 
the AC, and control then passed to the location stored in BW - i.e. the 
main CDT routine.
Here, the response word is complemented so that the logic now 
agrees with that of the computer, and it is stored in the high and low 
order mantissas of the floating-point accumulator (FAC) - the 11 most 
significant bits in the 11 least significant bits of the HOM so that the 
twelfth or sign bit is zero, and the LSB in the MSB of the LOM, with all
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o t h e r b i t s  o f  t h e  LOM z e r o .  With z e ro  d e p o s i t e d  i n t o  t h e  FAC e x p o n e n t ,  t h e  
ADC d a t a  a r e  t h u s  s t o r e d  i n  t h e  FAC a s  a FP number b e tw e e n  0 and 1.  T h i s  
number,  and i t s  s q u a r e ,  a r e  t h e n  added t o  a p p r o p r i a t e  l o c a t i o n s  i n  f i e l d  1.
The programme t h e n  t e s t s  to  s e e  i f  t h e  d e l a y  r a n g e  h a s  been  
c o v e r e d .  I f  i t  h a s ,  i t  t e s t s  t o  s e e  i f  t h e  r e q u i r e d  number o f  sweeps 
have  be e n  made.  I f  t h e  e x p e r i m e n t  i s  n o t  c o m p l e t e ,  t h e  DDG d a t a  f o r  t h e  
n e x t  d e l a y  to  be  u sed  a r e  s e t  up and s e n t .  The t r a n s m i s s i o n  o f  t h e  d a t a  
i s  a c c o m p l i s h e d  by two IOT i n s t r u c t i o n s .  The f i r s t  s e n d s  t h e  12 MSBs -  
t h e  t h r e e  most  s i g n i f i c a n t  d i g i t s  i n  BCD e n c o d in g  -  t o  t h e  i n t e r f a c e ,  
w h i l e  t h e  second  s e n d s  t h e  t h r e e  LSDs and a l s o  c a u s e s  t h e  i n t e r f a c e  to  
send  a s i g n a l  to  t h e  l o c a l  i n t e r f a c e .  T h i s  s i g n a l  l o a d s  t h e  24 b i t s  o f  
d e l a y  d a t a  i n t o  t h e  DDG, and  a l s o  s e t s  t h e  t r i g g e r  f l a g  so t h a t  t h e  DDG 
t r i g g e r s  on t h e  n e x t  c l o c k  p u l s e .
I f  t h e  e x p e r i m e n t  i s  f i n i s h e d ,  o r  i f  "#WH" h a s  b e e n  t y p e d ,  
c o n t r o l  p a s s e s  to  t h e  HALT r o u t i n e ,  which  c h a n g e s  BW t o  t h e  a d d r e s s  
o f  t h e  RETURN r o u t i n e  so any  f u r t h e r  i n t e r r u p t s  f rom t h e  e x p e r i m e n t  j u s t  
r e t u r n  c o n t r o l  to  t h e  w a i t  l o o p .
I f  "#W0" i s  t y p e d ,  t h e  o u t p u t  r o u t i n e  c o n v e r t s  t h e  s t a r t  d e l a y  
i n t o  FP num bers ,  i n  u n i t s  o f  y s e c ,  and c a l c u l a t e s  and p r i n t s  o u t  a t a b l e  
l i s t i n g  th e  d e l a y ,  t h e  a v e r a g e  r e s p o n s e  a t  t h a t  d e l a y ,  and t h e  s t a n d a r d  
d e v i a t i o n  o f  t h e  r e s p o n s e .
For  some p u r p o s e s ,  i t  i s  c o n v e n i e n t  to  have  s e v e r a l  e x p e r i m e n t a l  
r u n s  t a k e n  c o n s e c u t i v e l y .  I n  t h i s  c a s e ,  two p a t c h e s  a r e  made so t h a t ,  
i n s t e a d  o f  t h e  HALT r o u t i n e  b e i n g  e n t e r e d  a t  t h e  c o n c l u s i o n  o f  a r u n ,
WOUT and WGO a r e  r u n  c o n s e c u t i v e l y .  T h i s  means t h a t  t h e  com pu te r  p r i n t s  
o u t  t h e  t a b l e  and recommences t h e  e x p e r i m e n t  a u t o m a t i c a l l y .
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EDITED COMPILATION LISTING OF THE OPERATING SYSTEM PROGRAMME
C A F ~ 6 0 0 7 
10 T ~ 6 0 0 0 
K C F ~ 6 0 3 0
FIXMRI FJMP=0000 
FIXMRI FJMS=7000 
FIS Z " 0 0 Ö 0 
FEXT=0000 
F S Q U ~ 0 0 Ö1 
F S Q R " 0 0 0 2 
FNEG-OÖ10 
FIN=0 Ö11 
FOUT ==001 2 
F FIX - 0 01 3 
FL.0T“Q014 
FNOR-7000 
F C D F 7001 
F S M A ~ 7110 
FSZA=7050 
F SPA-7100 
F S N A = 7 0 4 0 
F N 0 P=7 010 
F S K F ~ 7 0 2 0 
CDI-6203
*1 / Interrupt control - hardware JMS 0 on
/ interrupt-
0001 5402 JMP I INTRPT / Jump to skip ehein
0002 0400 INTRPTr I NT
*12
0012 4466 NEW 12
*20
0020 0250 RETURNr RETN / Address of subroutine to Set beck to 
/ weit loop
0021 0250 SWITCHt RETN / Address of locn to so to on next 
/ keyboard input
0022 0475 CRLFT* CLT / Address of subroutine to print new 
/ line end char
0023 0256 TYPE t TP / Address of subroutine to print a 
/ character
0024 0455 LOOKUP t LKP / Address of subroutine to determine 
/ routine on input
0025 0000 Y i 0
0027 0434 KBDIP f KBDIN / Address of subroutine to input char
/ f r o m k e y b o e r d
0030 0000 HOLD ? 0 / Locn of subroutine found by LOOKUP
0031 0000 CHAR * 0 / Store for lest eher typed on keyboard
*100
0100 6404 IOT 404 / Stop another expt Sivine false
/ int 0 turnon
0101 6007 CAP / Clear flaSs
0102 6001 ION / Enable interrupt
0103 7000 NOP / Do nothins
0104 5103 JMP ♦-I / Jump to previous instr« This is
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0 1 0 5
0 1 0 6
0 0 0 6
0 2 3 0
0 2 3 1
0 2 3 2
0 2 3 3
0 2 3 4
0 2 3 5
0 2 3 6
0 2 3 7
0 2 4 0
024 1
0 2 4 2
0 2 4 3
0 2 4 4
0 2 4 5
0 2 4 6
0 2 4  7 
0 2 5 0
0 25 1
0 2 5 2
0 2 5 3
0 2 5 4
0 2 5 5
0 2 5 6
0 2 5 7  
0 2 6 0  
026 1  
0 2 6 2
0 2 6 3
0 2 6 4
0 2 6 5
0 2 6 6
0 4 0 0
040 1
0 4 0 2
0 4 0 3
0 4 0 4
0 4 0 5
0 4 0 6
0 0 0 0 STGEAC f  0 -
0 0 0 0 ST0RL r 0 ,
F C L A ~ 0 0 1 6
FDKGN= 0 0 1 5
* 6
7 3 6 7 7 3 6 7
* 2 3 0
0 0 0 0 X» 0
0 0 0 0 T L I S T t 0
3 0 1 0 DC A
7 0 1 0 RAR
3 2 4 7 DC A
1 4 1 0 TTYGUT » TAD
7 5 1 0 SPA
5 2 4 2 JMP
6 0 4 6 TLS
5 2 5 0 JMP
7 2 0 0 CLA
1 2 4 7 TAD
7 1 0 4 CLL
6 0 4 2 TCP
5631 JMP
0 0 0 0 LNK f 0
7 2 0 0 RETN ? CLA
110 6 TAD
7 1 1 0 CLL
1 1 0 5 TAD
6001 ION
5 4 0 0 JMP
0 0 0 0 TP y 0
7 4 5 0 SNA
1031 TAD
3 6 6 6 DCA
1 2 6 5 TAD
4231 JMS
5 6 5 6 JMP
0 5 0 4 T Y A » CRA
0 5 0 5 SYMBL r SYM
/  w a i t  l o o p
/  S t o r a g e  f o r  AC c o n t e n t s  
/ Storase for 1ink bit
/  S u b r o u t i n e  t o  p r i n t  3 s t r i n S  o f  c h 3 r s  
10 /  P u t  AC c o n t e n t s  i n t o
/  a u t o - i n c r e m e n t i n g  s t o r e  
/  R o t s t e  r i g h t  t o  g e t  1 i r i k  b i t  :i n t o  AC 
L N K /  S t  o r  e 1 i  n k h i  t  
I  10 /  G e t  e h e r  t o  b e  t y p e d
/  S k i p  n e x t  i n s t r  i f  AC > 0 
♦+3 /  S k i p  3 i n s t r s
/  P r i n t  AC c o n t e n t s  
REIN  /  B a c k  t o  w a i t  l o o p  u n t i l  c h a r  
/  s e n t  t o  p r i n t e r  
/  C l e a r  AC
L N K /  R e g a i  n 1 i  n k b i  t
RAL /  C l e a r  l i n k »  r o t a t e  l i n k  b i t  i n t o  
/  l i n k
/  C l e a r  p r i n t e r  f l a g  
I  T L I S T  /  Jump b a c k  t o  c a l l i n g
/  p r o g r a m m e  
/  S t o r e  f o r  l i n k  b i t
/  S u b r o u t i n e  t o  r e t u r n  t o  w a i t  l o o p *
/  C l e a r  AC
ST0RL /  G e t  l i n k  b i t
RAR /  C l e a r  l i n k *  R o tatet-  l i n k  b i t  i n t o  
/  l i n k
ST0RAC /  G e t  AC c o n t e n t s  
/  E n a b 1 e i n t e r  r u p t
1 0  /  Jump t o  l o e n  b e f o r e  i n t e r r u p t  -
/  s h o u l d  be  w a i t  l o o p  
/  S u b r o u t i n e  t o  p r i n t  a c h a r
/  S k i p  n e x t  i n s t r  i f  AC n o t  z e r o  
CHAR' /  G e t  l a s t  c h a r  t y p e d  i n  
I  SYMBL /  S t o r e  i n  SYMBOL 
TYA /  G e t  l o e n  b e f o r e  SYMBOL
/  L o e n  o f  s y m b o l
* 4 0 0  /  S k i p  c h a i n  t o  d e t e r m i n e  w h i c h  e x p t *
/  i n t e r r u p t e d
7 0 0 0  IN T  t NOP
3 1 0 5 DC A ST0RAC /  S t o r e  AC
7 0 0 4 RAL /  R o t a t e  l i n k  b i t i n t o  AC
3 1 0 6 DCA ST0RL / S t o r e  l i n k b i  t
603 1 KSF /  S k i p n e x t  i n s t r i f  k e y b o a r d
7 4 1 0 SKP /  S k i  p n e x t  i n s t r
5 4 2 7 JMP I  KB D IF ’ /  Go t o  k e y b o a r d  i n p u t
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/ subroutine0407 6301 IOT 301 / Skip next instruction if f1 as for
0410
0411
7410
5320
SKR
JMR
/ int 30 is set
DECIDE / Jump- to appropriate prosramme
0412 6414 IOT 414 / Continue as above to set proper
0413
0414
7410
5307
SKR
JHP
/ servi c e p roS r a m m e 
CHNGF1
0415 6402 IOT 402
0416
0417
7410
5312
SKR
JMP CHNNGF2
0420 6511 IOT 5110421
0422
7410
5315
SKR
JMR CHNGF3
0423 6041 TSF / Skip on teleprinter flas - if a char
0424
0425
7410
5766
SKR
JMR
/ has been printed
I TTROUT / Jump to TTYOUT to print next
0426 7200 RETNN» CLA
/ char
/ Return to wait loop -- interrupt not
0427 1106 TAD / f o u n d y o r u n d e r c o n t r o 1 STORL / Same as subroutine at locn 250
0430 7110 CLL RAR
0431 1105 TAD STORAC0432
0433
6001
5400
ION
JMP I 0
0434 6036 KBD IN jF KRB / Keyboard input - read char into AC0435 3031 DCA C H A R / S t o r e
0436 1031 TAD CHAR / ReSsin
0437 1365 TAD MFS / Ado -243 to see if char was y$'0440 7640 SZA CLA / Skip next instr if ' t-' was typed ♦
0441 5421 JMR
/ Clear AC
I SWITCH / Jump to locn stored earlier
0442 1364 TAD
/ in SWITCH
BCM / Get address of routine to
0443 3021 DCA / determine command SWITCH / Put in SWITCH for next
0444 1031 TAD
/ keyboard iriput
CHAR / Get CHAR (#) and print on a new
0445 4275 JMS
/ line
CLT
0446 5226 JMR R E T N N / B a c k t o w a i t loop* W a i t i n s f o r
0447 1325 CM f TAD
/ next char
CML.IST / Subroutine to determine which
0450 4255 JMS
/ pros: is bei ns ca 11 ed 
LKP / Use LOOKUP to find appropriate
0451 1030 TAD
/ address
HOLD / Get address
0452 3021 DCA SWITCH / Store in SWITCH for routir.S of
0453 4763 JMS
/ n e x t k t. -j b o a r d i n p u t 
I TYP / Print char
0454 5226 JMR RETNN / Back to wait loop for next
0455 0000 LKP t 0
/ instruction
/ Subroutine to determine which address
0456 3010 DCA
/ corresponds to input char 
10 / Put address of lookup chain in
0457 1410 TAD / a u t o - i ri c r e m e n t i n S s t o r e I 10 / Get contents of 1st address -- no
0460
0461
0462
0463
0464
0465
0466
0467
0470
0471
0472
0473
0474
0475
0476
0477
0500
0501
0502
0503
0504
0505
0506
0507
0510
0511
0512
0513
0514
0515
0516
0517
0520
0521
0522
0523
0524
0525
0526
0527
0530
0531
0532
0533
0534
0535
0536
0537
0540
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/ of items in list
3762 DCA I XX / Store
1410 REPEATy TAD I 10 / Get contents of next soar*
/ S h o u 1 o' b e - v e o f ri a t c h i n s a h s r
7500 SMA / Go beck to weit loop if not -ve* No 
/ match
5226 JMP RETNN
1031 TAD CHAR / Add lest eher typed
7640 SZA CLA / Skip next instr if sum = 0 
/ (match)* Cleer AC
5261 JMP REPEAT / Go beck to try next lo.cn
1010 TAD 10 / Get loen of metchi ns date
1762 TAD I XX / Add no of items to Set loen
/ containins subroutine address
3025 DCA Y / Store in Y
1425 TAD I Y / Get subroutine address
3030 DCA HOLD / Store in HOLD
5655 J M P I L K P / J u m p  b a c k t o cal 1 i n S p r o S r a m m e
00000 CLT f 0 / Subroutine to print- CR* LFr % a char
3305 DCA SYMBOL / Store char in SYMBOL
13022 TAD CRA / Get address of loen before one 
/ containins CR
4 761 JMS I TTLIST / Go to subroutine to p rint 
/ strinS of chars
5675 JMP I CLT / Jump back to eallinS prosramme
0502 CRAt ♦
0215 215 / Carriage return (CR)
0212 212 / Line feed (LF)
0000 SYMBOLr 0 / Char to be typed
7777 7777 / -1 to siSnify end of character
/ strinS
6213 CHN6F1* CDI 10 / Subroutines to be entered on
/ appropriate interrupts
5711 JMP I BNB1
0000 BNB1 > 0
6213 CHNGF2f CD I 10
5714 JMP I BNB2
0000 BNB2 r 0
6213 CHNGF3r CD I 10
5717 JMP I BW
0000 BW r 0
6361 DECIDE r I0T 361c. n Ü / Jtl. \J JMP I CAUC
5724 JMP I CAVR
0721 CAUC f PM INI
1721 CAOR f PMIN2
0525 CMLISTi ♦ / List of prosramme calls and addresses
/ for LOOKUP
0007 C 0 M L , 7 / 7 i t e m s i ri list
7475 -303 / ~C - Matches 'C'
7462 -316 / -N
7451 -327 / -LI
7461 -317 / -0
7450 -330 / -X
7456 -322 / -R
7454 -324 / -T
0600 CD E C / P r o S ram m e ad d r e s s  matc h i n s  'C'
0551 N  B / P r o s r a m r?i e a d d t' e s s m a t c h i n S * N / t e t c
0553 DUEL
174
0541 1000 1000/0DT
0542 2505 TOPI
0543 1600 ODER
0544 0000 0 0 0 0 / T R A N S L
0545 6213 HUGH » GDI 10 / P r o si r a m re ie s f o r v  a r i o u s e '< p t s
0546 5760 JMP I HUIN
0547 6213 GAYLE» GEH 10
0550 5 7 5 7 JMP I GAYLN
0551 6213 N B » GDI 10
0552 5756 JMP I NO
0553 6213 DUEL» GDI 10
0554 5755 JMP I DD'v'EL
0555 4333 DDVEL» 4333 / Storage addresses0556 3200 N O » 3200
0557 0000 G A Y L N » 0
0560 0000 HU I N » 0
0561 0231 TIL. 1ST» TL I SI­
0562 0230 X X » X'
0563 0256 TYP» TP
0564 0447 BCM» CM
0565 7535 h'FS » -243
0566 0235 TTPOUT » TTYO U T
Now follow listings of routines by Gibson end Rhymes for various 
FP manipulations» such as input and output*
*4400
4400 0000 TOROUT » 0
4401 7 n  7 i=; DCA BIN
4402 1235 TAB BIN
4403 1237 TAD MCRR4404 7650 SNA CL A
4405 5215 JMP LOADM
4406 1240 TAD MLFF4407 1235 TAD BIN
4410 7650 SNA CLA
4411 5226 JMP LOADN4412 1235 TAD BIN
4413 3412 DCA I 12
4414 5600 JMP I TOROUT
4415 7040 LOADM» CMA
4416 3412 DCA I 12
4417 1266 TAD NEW 12
4420 3012 DCA 12
4421 1407 TAD I 7
4422 3236 DCA BIN24423 1766 TAD I FPNEXT
4424 3364 DCA FLD
4425 5600 JMP I TOROUT
4426 1266 L.0ADN» TAD NEW 12
4427 4641 JMS I TILGT
4430 1236 TAD BIN2
4431 3406 DCA I 6
4432 1364 TAD FLD
4433 3766 DCA I FPNEXT
4434 5600 JMP I TOROUT
4435 0000 BIN» 0
4436 0000 BIN 2 » 04437 7563 MCRR» -215
4 46 6
4 5 1 0
4511
451 2
4 51 3
4514
4515
4516
4517
4520
4521
4 522
452 3
4524
4525
4526
4527
4530
4531
4532
4533
4534
4535
4536
4537
4540
4541
4542
454 3
4544
4545
4546
4547
4550
4551
4552
4553
4554
4555
4556
4557
4560
4561
4562
4563
4564
4565
4566
4572
4573
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7566 MLFF t .... n  i  n4 .  J. ju.
0231 T ILST y TL 1ST
4445 I N L I S T  t 444 5
* 4 4 6 6
4466 NEW1 2 i ♦
* 4 5 1 0
0000 DKGNr 0
7200 CLA
1021 TAD 21
3361 DCA POCKET
1325 TAD FL.IN
3021 DC A 21
1407 TAD I  7
3360 DCA POUCH
1766 TAD I  FPNEXT
3365 DCA FLDD
1242 RESTRT r TAD I N L I S T
3011 DCA 11
542 0 JMP I  RETURN
4526 F L I N , ♦ T1
4423 JMS I  TYPE
1031 TAD CHAR
3411 DCA I  11
1031 TAD CHAR
1237 TAD MCRR
7650 SNA CLA
5346 JMP END-1
1362 TAD MINSP
1031 TAD CHAR
7650 SNA CLA
5347 JMP END
1363 TAD MRBOUT
1031 TAD CHAR
7650 SNA CLA
5322 JMP RESTRT
5420 JMP I  RETURN
4422 JMS I  CRL.FT
1242 END i TAD I N L I S T
3011 DCA 11
1361 TAD POCKET
3021 DCA 21
1360 TAD POUCH
3406 DCA I  6
1365 TAD FLDD
3766 DCA I  FPNEXT
5710 JMP I  DKGN
0000 POUCH f 0
0000 POCKETy 0
7540 MINSPy - 2 4 0
7401 MRBOUTy - 3 7 7
0000 FLD r 0
0000 FLDDy 0
7413 FPNEXT y 7413
* 4 5 7 2
0000 FLCLA y 0
7200 CLA
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4574 3044 DCA 44
4 57 5 3045 DC A 45
4 57 6 3046 DCA 46
4577 5772
#7247
JMP I  FL.CL.A
7247 4572
#72 46
FLCLA
7 246 4510
#6144
DKGN
6144 0000 FP0T y 0
6 14 5 1744 TAD I  FPOT
6 14 6 4752 JMS I  TROUT
6 14 7 7300 CLL CLA
6150 7000 NOP
6151 5744 JMP I  FPOT
6 1 5 2 4400 TROUTy TOROUT
#6345
6345 0000 F I IN P T y 0
6 34 6 1411 TAD I  11
6 34 7 7000 NOP
6 3 5 0 3053 DCA 53
6351 1 053 TAD 53
6 35 2 1365 TAD MSPACE
6353 7650 SNA CLA
635 4 5362 JMP ENDD
/ 7 crr 1366 TAD MCCR
635 6 1053 TAD 53
6 35 7 7650 SNA CLA
6360 5362 JMP ENDD
6361 5745 JMP I  F I I N P T
6 36 2 7200 ENDDy CLA
6363 700 NOP
6364 5745 JMP I  F I I N P T
6 36 5 7540 MSPACE 7 - 2 4 0
636 6 7563 MCCRy - 2 1 5
Now f o l l o w s  3 l i s t  o f  l o c a t i o n  names and a d d r e s s e s
BCM 0564 BIN 4435 BIN2 4436 BNB1 0511
BNB2 0514 BW 0517 CAF 6007 CAUC 0523
CAOR 0524 CD I 6203 CHAR 0031 CHNGF1 0507
CHN6F2 0512 CHNGF3 0515 CLT 04 75 CM 0447
CMLIST 0525 COML 0526 CRA 0502 CRL.FT 0022
DDOEL 0555 DECIDE 0520 DKGN 4510 DUEL 0553
END 4547 ENDD 6362 FCDF 7001 FCLA 0016
FDKGN 0015 F F IX 0013 F I I N P T 6345 F IN 0011
F IS Z 0000 F JMP 0000 FJMS 7000 FLCLA 4572
FLD 4564 FL.DD 4565 FL.IN 4525 FLGT 0014
FNEG 0010 FNOP 7010 FOUT 0012 FPNEXT 4566
FPOT 6144 FSKP 7020 FSMA 7110 FSNA 7040
FSPA 7100 FSQR 0002 FSQU 0001 FSZA 7050
GAYLE 0547 GAYLN 0557 HOLD 0030 HUGH 0545
HU IN 0560 I N L I S T 4442 INT 0400 INTRPT 0002
l'OT 6000 KB DIN 0434 KBDIP 0027 KCF 6030
LKP 0455 LNK 0247 LOOKUP 0024 MCCR 6366
177
iiCRR 4 4 3 7 MFS 0 5 6 5
MRBOUT 4 5 6 3 MSPACE 6 3 6 5
NQ 0 5 5 6 POCKET 4 5 6 1
R E S T R T 4 5 2 2 R E I N 0 2 5 0
STORAC 0 1 0 5 STORE 0 1 0 6
SYMBOL 0 5 0 5 T I L S T 4 4 4 1
TP 0 2 5 6 TROUT 6 1 5 2
T T YOU! 0 2 3 5 T Y A 0 2 6 5
X 0 2 3 0 XX 0 5 6 2
M IN SP 4 5 6 2 MLFF 4 4 4 0
NB 0 5 5 1 NEW 1 2 4 4 6 6
POUCH 4 5 6 0 REPEAT 0 4 6 1
RETNN 0 4 2 6 RETURN 0 0 2 0
SWITCH 0 0 2 1 SYMBL 0 2 6 6
TL 1S T 0 2 3 1 TGROUT 4 4 0 0
T T L I S T 0 5 6 1 TTROUT 0 5 6 6
TYP 0 5 6 3 TYPE 0 0 2 3
Y 0 0 2 5
EDITED COMPILATION LISTING OF THE CDT CONTROL PROGRAMME
This is a listing of the compilation output of the control 
programme for the pulsed RF detection drift tube (known as CDT)* 
The programme is loaded after the operating system (0P3YS) 
prosrammey and overwrites part of the OPSYS programme?*
FS0U-0001 /
FSQR-0002 /
FIN=0011 /
FOUT=0012 
FFIX=0013 
FCDF-7001 
FLCLA=0016 
FDKGN-0015 
10 T = 6 0 0 0 
RETURN-0020 
SLI ITCH-0021 
CRLFT=0022 
TYPE=0023 
LOOKUP-0024 
H0LD=0030 
CHAR-0031
*110
0110 4000 ALPHA y 4000 / These are storaSe locations on page
0111 5000 BETAy5000 / zero where they can be addressed from
0112 0000 PLACEy0 / any other paSe in field zero*
0113 0000 MrO
0114 0000 N * 0
0115 0000 KyO
0116 0144 MFL.T y FPM / Address of M in FP
0117 0147 NFLT y FPN / Address of N in FP
0120 7772 M 6 y 7 7 2 2 / •-6
0121 0004 FPTEN y 0004 / 10 in FP
0122 2400 2400
0123 0000 0000
0124 0007 FPlOOy0007 / 100 in FP
0125 3100 3100
0126 0000 0000
0127 7777 Mly7777 / ~1
0130 7766 MlOy7766 / -10
0131 0012 P10y0012 / + 10
0132 0003 THREEy0003 / +3
0133 0013 FPCURT y 0013 / Locn for conversion BCD to FP convn
/ subroutine
0134 0000 FPCONOy 0000
0135 0000 0000
0136 0000 TEMPy0000 / Temporary FP store
0137 0000 0000
0140 0000 0000
0141 0156 MPLACE y EMM / Address of*M as integer
0142 0157 NPLACE y ENN / Address of N as integer
0143 0160 KPLACE y KAY / Address of K as integer
0144 0000 FPMy0000 / M i n Fr F'
0145 0000 0000
0146 0000 0000
T h i s i s a d e c 1 a r a t i o n o f e x t e r n a 1 
references - floatins point 
directions and addresses in OPSYS*
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0147 0000
0150 0000
0151 0000
0152 0000
0153 0000
0154 0000
0155 0152
0156 0000
0157 0000
0160 0000
0161 4051
0162 0231
0163 0000
0164 0000
0165 4 366
0166 4374
0167 4352
0170 4360
0171 2000
0172 3630
0173 0517
0174 3600
0175 7520
0176 4022
3600 7040
3601 7100
3602 7010
3603 3045
3604 3044
3605 7010
3606 3046
3607 4407
3610 7011
3611 6136
3612 1563
3613 6563
3614 5136
3615 0001
3616 1564
3617 6564
3620 7001
3621 0016
3622 0000
3623 2114
FF'N ? 0000 / N in FrP
0000 
0000
FF'K ? 0 / K in FP
0 
0
KFLTfFPK / Address of K in FF‘
EMM?0000 / M as integer
ENN?0000 / N as integer
KAY?0 / K as inieder
WS T 0 P ? W H A L T / Loc n of FI A L T s ub r ou t i n e » F o r c o n t r un ? 
/ chense to 4200
TIL IST?0231 / Locn of TLIST subroutine
YYY?0000 / Address of sum sto rase in field 1
ZZZ ?0000 / Address of sum of souares storage in
/ field 1
DELTADyl'NCl / Address of locn before MSD of delay 
/ store
TADDrDELAYl / Address of LSD of delay store 
TAUi?ST6~l / Address of locn before MSD of start 
/ delay
DELTAUySTl / Address of locn before MSD of delay 
/ increment 
TW0K?2000 / 2000 octal
INITM?INCH / Address of INCM
MYSWCFI? BUI / Address of switch to prevent intpt if 
/ expt stopped
GOADDRfCDT / Address of start of main programme 
MNUM?7520 / -260♦ Addition factor to change ASCII
/ diSit to octal
/ Locn of WGÜ - used for continuous running
#3600 / This is the start of the main programme
CDTyCMA / Complement the ADC data to set positive 
/ true logic
CLL. / Clear the link so that MSB is 0 on rotation 
RAR / Rotate right to set zero MSB
DCA 45 / Deposit into H0M of FAC? SivinS +ve FP no»
DCA 44 / Deposit zero into FAC exponent
RAR / Rotate link bit into MSB» This was LSB of ADC 
/ d a t a
DCA 46 / Deposit into L.0M of FAC? so ADC data now
/ in FAC
JMS 1 7 /  Enter Floating Point
FCDF 10 / Char.se FP data field to 1 for indirect
/ commands
FPLJT TEMP / Temporarily store ADC data 
FADD I YYY / Add ADC data and FF‘ locn YYY in field 
/ 1
FPUT I YYY / Put result back into YYY 
FGET TEMP / Regain ADC data 
FSGU / Sousre it
FADD I ZZZ / Add sous re and ZZZ in field 1
FPUT I ZZZ / Put result back in ZZZ
F CD F 00 / C h anS e indirect data fie1d b a ck t o 0
FLCLA / Clear the FAC
FEXT / Exit from Floating Point
IS Z N / I n c r e m e n t N ? s k i p n e x t i n s t r i f N = 0 ♦ A r e 
/ all delays done?
3624
3625
3626
362?
3630
3631
3632
3633
3634
3635
3636
36373640
3641
3642
3643
3644
3645
3646
3647
3650
3651
3652
3653
3654
7  /  ETC*JÖJJ
3656
3657
3660
3661
3662
3663
3664
3665
3666
3667
3670
3671
3672
3673
3674
t -7 nr
O  K J  / U
3676
3677
3700
3701
3702
3703
3704
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5253 JMP INCN / Jump to subroutine to increment delay
2113 ISZ M / I nor M , skip next instr if M - 0 ♦ Have M
/ sweeps been done?
5230 JMP INCM / Jump to subroutine to start a new sweep
5345 JMP INCK / Jump to subroutine to see if' MxK sweeps
/ have been done
1157 IN C M , T A D E N N / S t a r t i n s: n e w s w e e p ♦ Get n o o f d e 1 a y s
7041 CIA / Form negative 
3114 DCA N / Store in N
1110 TAD ALPHA / Get start address for response sum
/ storage
3163 DCA YYY / Put in YYY
1111 TAD BETA / Do same for start addr for sauere sum
/ storasie
3164 DCA ZZZ
1167 TAD TALll / Get locn before MSD of start delay
3014 DCA 14 / Put in 14 - auto increment on indirect
/ address
1165 TAD DELTAD / Get 1ocn before MSD of delay store 3013 DCA 13 / Put in 13 - auto increment
1120 TAD M6 / Get -6
3112 DCA PLACE / Store
1414 EQMEY ,T AD I 14 / Get start delay disit
3413 DCA I 13 / Put in appropriate disit of delay store
2112 ISZ PLACE / Test if 6 diSits transferred* If so/ skip next instr
5245 J M P R0 ME Y / J u mp ba c k for n ex t diSit
1165 TAD DELTAD / Get 1 ocn befo re MSD of d e? 1 ay sto re
5316 JMP IRENE / Jump ahead to delay output routine
7300 INCNjCLA CLL / Incrementins delay - clear AC S link
1163 TAD YYY / Add 3 to FP address of sum storaSe locn
1132 TAD THREE
3163 DCA YYY
1164 TAD ZZZ / Add 3 to FP address of sum of söuares
/ storage locn
1132 TAD THREE
3164 DCA ZZZ
1166 TAD TADD / Get address of LSD of delay store
3354 DCA DIG1 / Put in DIG'l
1165 TAD DELTAD / Get address of LSD of delay increment
3355 DCA DIG2 / Put in DIG2
1120 TAD M6 / Get -6
3112 DCA PLACE / Store
1 7 5 4  ENTRY, TAD I DIG1 / Start of BCD addr. - Set disit of
/ delay store
1755 TAD I DIG2 / Add disit of delay increment
1130 TAD M10 / Add -10 to test if carry disit needed
7510 SPA / Skip next instr if result not ~ve
5303 JMP MINUS / Jump to subroutine to restore sum 
3754 DCA I DIG1 / Put (sum - 10) in disit of delay store 
1354 TAD DIG1 / Subtract 1 from address ready for next
/ delay diSit
1127 TAD Ml
3354 DCA DIG1
2754 ISZ I DIG1 / Add 1 to disit - carry from previous
/ d i S i t
5310 JMP P0S / Jump ahead past MINUS
1131 MINUS, TAD P10 / Restore sum by addins' 10
3754 DCA I DIG1 / Put in disit of delay store
3 70 5
3706
3 70 7
3710
3711
3 7 1 2
3 71 3
371 4
3 7 1 5
3 71 6
3 71 7
3 72 0
3721
3 7 2 2
3723
372 4
3 72 5
3 72 6
3 72 7
3 73 0
3731
3 73 2
3733
3734
3 73 5
373 6
3 73 7
374 0
3741
3 74 2
374 3
3744
3745
3 74 6
3747
3 75 0
3751
3 752
3 75 3
3754
3755
3756
3757
376 0
3 761
3 76 2
3 76 3
3764
376 5
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1354 TAD D I G l  /  S u b t r a c t  1 f r o m  a d d r e s s  r e a d s  f o r  n e x t
/  d e l a y  d i s i t
1127 TAD h i
3354  DCA DIG1
1355 POS*TAD DIG2 /  S u b t r a c t  1 f r o m  a d d r  r e a d y  f o r  n e x t
/  i  n o r  e m e n t  d i  si i  t
1127 TAD Ml
3355  DCA DIG2
2112  ISZ PLACE /  Have a l l  6 d i g i t s  been  a d d e d ?  S k i p  n e x t
/  i n s t r  i f  so
5270  JMP ENTRY /  Back  f o r  n e x t  d i g i t
1354 TAD DIG' l /  T h i s  i s  now a d d r e s s  o f  l o c n  b e f o r e  MSB
/  o f  d e l a y
3013 IRENEyDCA 13 /  P u t  i n  a u t o - i n c r e m e n t i n s  s t o r e
7100 CL.L /  C l e a r  l i n k  so no s p u r i o u s  b i t s  r o t a t e d  i n t o  
/  AC
1413 TAD I  13 /  G e t  MSB
7006 RTL /  R o t a t e  4 b i t s  l e f t  
7006  RTL
1413 TAD I  13 /  Add on n e x t  d i g i t -
7006 RTL /  R o t a t e  4 b i t s  l e f t  
7006 RTL
1413 TAD I  13 /  Add on  n e x t  d i s i t  -  AC now 3 MSDs i n  BCD
6603 IÜT 603 /  Send 3 MSDs t o  DBG i n t e r f a c e
7200 CLA /  C l e a r  AC -  l i n k  b i t  s h o u l d  be c l e a r  a g a i n
1413 TAD I  13 /  R e p e a t  a b o v e  t o  s e t  3 LSDs i n  BCD
7006 RTL
7006 RTL
1413 TAD I  13
7006  RTL
7006 RTL
1413 TAD I  13
6613 I 0 T  613 /  Send 3 LSDs t o  DDG i n t e r f a c e  and  i n i t i a t e
/  s a m p le  p roc-
7000 NOP /  N0PS l e a v e  room f o r  p a t c h e s  
7000 NOP
7000 NOP
5420 JMP I  RETURN /  Back  t o  w a i t  l o o p  -  see? 0PSYS
/  d e s c r i p t i o n
2115  INC K y IS Z  K /  I n  c r  e m e n t  Ky s k i p n e x t  i n s  t r  i f  Kxh
/  sw e e p s  don e
5350 JMP INCKK /  Jump a h e a d
5561 JMP I  LIST OP /  Go t o  HALT o r  OUT d e p e n d  ins '  on
/  c o n t e n t s  o f  161
1156 INCKKy TAD EMM /  G e t  M i n  i n t e g e r
7041 CIA /  N e d s t e  i t
3113  DCA M /  S t o r e
5230 JMP INCM /  Back  f o r  a n o t h e r  sweep 
0000  DIGlyOOOO /  S t o r a g e  l o c n s
0000  D IG 2 y 0000
0240 L O IS y 240 /  S t r i n g  o f  A S C I I  s p a c e s  f o r  o u t p u t
/  f o r m a t t i n g
0240 240
0240 240
0240 240
0240 240
0240 240
0240 240
0240 240
182
3766 7777 7777 / -1 denotes end of ASCII string
*553 / M o d i f i c a t i o n t o t i m e s h a r i n g r o u t i n e
0553 7000 DUEL ? NOP
0554 5755 JHP I DDO EL / Jump to 4000 if •'#W/ has been typed
U o u 4000 DDUEL 94000
*420 / Modification to interrupt skip chain
0420 6621 101" 621 / Looking for CUT interrupt
0421 7410 SKP
0422 er -7 i er \J O  J. JHP CHNGF3 / Jump to 515 if CDT interrupted
*515 / Hod to routing subroutine
0515 6626 CHNGF3 t I0T 626 / Read ADC data (negative true
/ logic)
0516 5717 JHP I BW / Jump back to wait loop? or on to prog»
/ depending on BW
0517 0020 BW t RETURN
*4000 / Control commands arc input here
4000 1203 TAD WLIST / Use LOOKUP to see which W function
/ wanted
4001 4424 JMS I LOOKUP
4002 5430 JHP I HOLD / Jump to appropriate subroutine
4003 4003 W LIS T y ♦ / List o f W f u n c t i o n s a n d s u  b r o u t i n e
/  addresses for L00KUP
4004 0004 0004
4005 7467 7467 / —Ir Input
4 006 7461 7461 / -0» Output
4007 7471 7471 / ~G» Go
4010 7470 7470 /  “Hy Halt
4011 4015 WIN
4012 4200 4200
4013 4022 W 6 0
4014 4051 WHALT
4015 1031 WIN yTAD CHAR / Input subroutine* Ge?t last char
/ typed
4016 4422 JHS I CRLFT / New liney type char (I)
4017 1256 TAD I MAN / Get address of subroutine to determine
/  w h i c h p  a r a r/« e t e r
4020 3021 DC A SWITCH / Store so subroutine entered after next
/  char typed
4021 5420 JHP I RET U R N /  B a c k to w a it 1 o o p -• w a i t i n g f o r
/ i n p ij t p  a r a ri e t e r s
4022 4423 W60 r JHS I TYPE /  Start subroutine* Type last char
4023 7200 CL A /  Initialize My K
4024 1156 TAD EMM
4025 7041 CIA
4026 3113 DC A M
4027 1160 TAD KAY
4030 7041 CIA
4031 3115 DC A K
4032 1110 TAD ALPHA / Clear 2000 (octal) loens in field I for
/ result store
4033 1127 TAD Ml
4034 3017 DC A 17
4035 1171 TAD TWQK
4036 7041 CIA
4037 3112 DC A PLACE
4 0 4 0
4 04 1
4 0 4 2
4 0 4 3
4 0 4 4
4045
4 0 4 6
4 0 4  7
4 0 5 0
4 05 1
4 0 5 2
4 0 5 3
4 0 5 4
4 0 5 5
4 0 5 6
4 0 5 7
4 0 6 0
4 06 1
4 0 6 2
4 0 6 3
4 0 6 4
4 0 6 5
4 0 6 6
4 0 6 7
4 0 7 0
407 1
4 0 7 2
4 0 7 3
4 0 7 4
4 0 7 5
4 0 7 6
4 0 7 7
4 1 0 0
4101
4 1 0 2
4 1 0 3
4 1 0 4
4 1 0 5
4 1 0 6
4 1 0 7
4 1 1 0
4111
4 1 1 2
4113
4 1 1 4
4115
4116
411  7
183
6211 CDF 10 
3 41 7  ZERO ?DCA I  17 
2 11 2  IS Z  PLACE 
5241 JMP ZERO 
6201 CDF 00 
7200  CLA
1174 7'AD G0 ADDR /  G e t  3 d d r e s s  o f  m3 i n  p roS
3 57 3  DCA I  MYSWCH /  P u t  i n t o  BW so t h a t  p ros ramm e r u n s
/  on i n t e r r u p t
5 57 2  JMP I  IN ITM  /  Go t o  s u b r o u t i n e  t o  o u t p u t  f i r s t
/  d e l a y  t o  exp- t
4 42 3  WHALT ?JMS I  TYPE /  HALT s u b r o u t i n e *  Type  l a s t  c h a r  
720 0  CLA /  ChanSe BW so i n t e r r u p t s  s e n d  p r o s  b a c k  t o
/  w a i t  1 oop- 
1020  TAD RETURN 
3 57 3  DCA I  MYSWCH
5420  JMP I  RETURN /  Go b a c k  t o  w a i t  l o o p
405 7  10 A N y ♦+1 /  A dd r  e s s  o f  i n p u t  p a r a  m e t e r  s u b r o u t i n e
12 6 2 7' A D WIN P U T /  I  n p- u t  p a r  a m a t  e r  s ♦ U s e L 0 0 K U P t  o s e e
/  w h i c h  p a r  w a n te d
4424  JMS I  LOOKUP
5 4 3 0  JM P I  H 0 L. D /  J u ni p t  o a p p r  o p r  i  a t e  i  ri p u t  s u b r  o u t  i  n e 
4 0 6 2  WINPUT?♦ /  L i s t  o f  i n p u t  p a r s  and  s u b r o u t i n e
/  a d d r e s s e s  f o r  LOOKUP
0 00 5  0005
7455  7 4 5 5 / - S ?START
7474  7 4 7 4 / - D  ? DELAY INCREMENT
7462  7 4 6 2 / - N ?NO OF DELAYS
7463  7 4 6 3 / - M  ?NO OF RUNS
7465  7 4 6 5 / - K  t NO OF TIMES
407 6  WST ART
4106  UINC
4 1 1 6  WNUM
4136 WRUNS
4126  WTIMES
4423  WSTARTfJMS I  TYPE /  I n p u t  s t a r t  d e l a y *  Type  c h a r
/  (S )
4422  JMS I  CRLFT /  New l i n e  
7200  CLA /  C l e a r  AC
1167 TAD TAU1 /  G e t  l o o n  b e f o r e  MSD o f  s t a r t  d e l a y
3017' DCA 17 /  P u t  i n  a u t o - i n c r e m e n t i n s  s t o r e
1377 T A D B C L‘i A If D /  G e t  a d o r e s  s o f  B C D i  n p u t  s u b r  o u t  i  n e
3021 DCA SWITCH /  S t o r e  so  t h a t  p r o s  Soes t o  BCD i n p u t
/  on  n e x t  c h a r
5420  JMP I  RETURN /  Back  t o  w a i t  l o o p  -  w a i t i n s  f o r  n e x t
/  char-
4423  WINCrJMS I  TYPE /  I n p u t  d e l a y  i n c r e m e n t *  Type  c h a r
/  (D)
4422  JMS I  CRLFT /  New l i n e  
7200  CLA /  C l e a r  AC
1170 TAD DELTAU /  G e t  l o a n  b e f o r e  MSD o f  d e l a y  i n c r e m e n t  
3017  EiCA 17 /  P u t  i  n a u t o - i n c  r e m e n t  i  nS s t o  r e
13 7 7 T A Ei B C Ei A Ei Ei /  G e t  a d d r e s s  o f  B C D i  n p u t  s u b r  o u t  i  n e
3021 DCA SWITCH /  S t o r e  so  p r o s  s o e s  t o  BCEi i n p u t  a f t e r
/  n e x t  c h a r
5420  JMP 1 RETURN /  Back  t o  wa i  t  1 o o p -  w a i  t  i  riS f  o r  n e x t
/  char-
4423  WNUM? JMS I  TYPE /  I n p u t  no o f  d e l a y s *  Type  c h a r  (N)  
4422  JMS I  CRLFT /  New l i n e
4120
4121
4122
4123
4124
4125
4126
4127
4130
41314132
4133
4134
4135
4136
4137
4140
4141
4142
4143
4144
4145
4146
4147
4150
4151
4152
4153
4154
4155
4156
4157
4160
4161
41624163
4164
4165
4166
4167
4170
4171
4172
4173
4174
4175
4176
4177
4200
4201
4202
4203
184
7200 CLA / Clear AC
1142 TAD NPLACE / Get and store address of N as integer
3375 DCA STOKPL
1.117 TAD NFLT / Get and store address of N in FP
3376 DCA STRPL2
5345 J M P F L. TIN P / J u m p t o F P i n p u t s u b r o u t i n e 
4423 WTIMESfJMS I TYPE / Input K* Type char (K)
4422 JMS I CRLFT / New line 
7200 CLA / Clear AC
1143 T AD KPL.ACE / Get and s to re address of K as i ritese r
3375 DCA ST0RPL
1155 TAD KFLT / Get and store address of K in FP
3376 DCA STRPL2
5345 JMP FL.TINP / Jump to FP input routine
4423 WRUNG? JMS I TYPE / Input M * Type char (M )
4422 JMS I CRLFT / New line7200 CLA / Clear AC
1141 TAD HPLACE / Get and store address of M as integer
3375 DCA STORPL
1116 TAD MFLT / Get and store address of M in FP
3376 DCA STRPL2
4407 FLTINP? JMS 1 7 /  FP input routine* Enter FP 
0015 FDKGN / Input FF:‘ no from keyboard 
0011 FIN
6776 FPUT I STRPL2 / Store in appropriate locn
0013 FFIX / Convert to integer
0000 FEXT / Exit FP
7200 CLA / Clear AC-
1044 TAD 44 / Get intederized no
3775 DCA I ST0RPL / Store in appropriate locn
5420 JMP I RETURN / Back to wait loop* Waiting for next/ input parameter
1120 BCDINP*TAD M6 / BCD input routine* Store -6 
3112 DCA PLACE
1374 TAD SW2 / Put address of BCD input loop in console
/ switch
3021 DCA SWITCH4423 LOOP»JMS I TYPE / Print character - a digit 0-9
1175 TAD MNUM / Get ASCII to octal conversion factor
1031 TAD CHAR / Add ASCII of digit to convert
3417 DCA I 17 / Store in appropriate locn
2112 ISZ PLACE / 6 digits yet? If so? skip next instr
5420 JMP I RETURN / Back to wait loop* Wait for next
/ digit to be? typed
1256 TAD IVAN / Change SWITCH back to input routine
/ address
3021 DCA SWITCH
5420 JMP I RETURN / Back to wait loop* Waiting for next
/ input parameter
4163 SW2? LOOP / Address of BCD input loop 
0000 ST0RpL ? 0000
0000 STRPL.2 ? 0000
4157 BCDADD? BCDINP / Address of BCD input routine
*4200 / Output Routine
7200 11WOUT ? CLA / Clear AC
1351 TAD OPLIST / Get address of table heading string 
4562 JMS I TTL.IST / Print out heading using TTL.JST 
4407 JMS 1 7 /  Enter FP
4204
4205
4206
4207
4210
4211
4212
4213
4214
4215
4216
4217
4220
4221
4222
4223
4224
4225
4226
4227
4230
4231
4232
4233
4234
4235
4236
4237
4240
4241
4242
4243
4244
4245
4246
4247
4250
4251
4252
4253
4254
42554256
4257
4 260
4261
4262
4263
4264
4265
4266
185
5144 F'GET FPM / Print no of runs (== MxK)
3152 FMPY FPK 
0012 FOUT
0000 FE'XT / Exit FP 
7200 CLA / Clear AC 
1157 TAD ENN / Get N 
7041 CIA / Nesste 
3114 DCA N / Store
1167 TAD TAU1 / Get address of 1 ocri before MSD of start
/ delay
3017 D C A 17 / P u t i ri auto- i n c r e m e n t i n d s t o 7' e
4315 JMS BCDFPC / Jump to BCD to FP conversion
/ subroutine
4407 JMS I 7 / Enter FP
5346 FGET FPNO / Get FP no from conversion 
6343 FPUT DELAY / Store 
0000 FEXT / Exit FP
1170 TAD DELTAU / Get address of locn before MSD of/ dels y i n c r e m e n t
3017 DCA 1 7 / Put i n suto- i ric rement i nS sto t-e
4315 JMS BCDFPC / Jump to BCD to FP conversion
/ subroutine
4407 JMS 1 7 /  Enter FP
5346 FGET FPNO / Get FP no from conversion 
6375 FPUT DEL INC / Store
0000 FEXT / Exit FP
7200 CLA / Clear AC
1132 TAD THREE / Form FP locn before 1st sum store
7041 CIA
1110 TAD ALPHA
3016 DCA 16 / Put in auto-incrementing store
1132 TAD THREE / Form FP locn before 1st sum of saueres
/ s t o r e7041 CIA
1111 TAD BETA
3017 DCA 17 / Put in auto-incrementing store
4422 DATOUT r J M S I C R L F T  / Eiata outp u t rout i ne ♦ New 1 i ne
4407 JMS 1 7 /  Enter FP 
5343 FGET DELAY / Get delay
6136 FPUT TEMP / Store 
0012 FOUT / Print delay 
5136 FGET TEMP / Regain delay
1375 FADD DELING / Add increment to form next delay- 
6343 FPUT DELAY / Store
0000 FE XT / Exit FF‘
1352 TAD SPACES / Get address of string of ASCII spaces
/ for formatting
4562 JMS I TTLIST / Print spaces using TTLIST 4407 JMS I 7 / Enter FP
7011 FCDF 10 / Change to data field 1 for indirect FP
/ adresses
5416 F G E T I 16 / Get a p p t- o p r i a t e r e s p o ri s e s u m
4144 FDIV FPM / Divide by M § K to get average response
4152 FDIV FPK
6340 FPUT AVE / Store average 
0012 FOUT / Print average
7001 FCDF 00 / Change back to field 0 for indirect FP 
/ adresses
0000 FEXT / Exit FP
4274
4275
4276
4277
4300
4301
4302
4303
4304
4305
4306
4307
4310
4311
4312
4313
4314
4315
4316
4317
4320
4321
4322
4323
4324
4325
4326
4327
4330
4331
4332
4333
4334
4335
4336
4337
4340
4341
4342
4343
4344
4345
4346
4347
4350
4351
186
1352 TAD SPACES' / Print another string of spaces
4562 JMS I TIL IST
4407 JMS 1 7 /  Enter FP
7 011 F CDF 10 / C hana e dat a fie1d
5417 FGET I 17 / Get appropriate sum of sousres
4144 FDI0 FPh / Use this and average to set standard
/ deviation
4152 FDIU FPK / Divide by M S K 
6136 FPUT TEMP / Store 
5340 FGET AGE / Get average
0001 FSQU / Sousre it
6340 FPUT AGE / Store
5136 FGET TEMP / Get temp no beck
2340 FSUB AGE / Subtract sc<ua re of averase
0002 FSQR / Take souare root of result
0012 F0U T / Print s t anda rd d evia tion
7001 F C DF 00 / C h a n g e i n d i r e c t F F' d a t a fiel d b a c k t o 0
0000 FEXT / Exit FP
2114 ISZ N / All de 1 ays printed iri tab 1 e? Skip next 
/ instr if so
5243 JMF‘ DA TOUT / Jump back to output next line of fable 
4422 JMS I CREPT / 2 new lines 
4422 JMS I CREPT
5420 JMF' I RETURN / Beck to wait loop« Chanse to 5576
/ for auto restart
0000 BCDFF’CfOOOO / Subroutine for BCD to FF* conversion 
1120 TAD M6 / Store ~6 
3112 DCA PLACE
3044 DCA 44 / Clear FAC
3045 DCA 45
3046 DCA 46
1417 CONEUP ?TAD I 17 / Get digit
3134 DCA FF'CGNG / S t o r e in FPCÜNG - now have did it in FF‘
/ in FF'CGRT
4407 JMS 1 7 /  Enter FP 
3121 FMPY FF'TEN / Multiply FAC by 10 
1133 FADD FF'CGRT / Add FP of digit 
0000 FEXT / Exit FP
2112 ISZ F'LACE / All 6 disits yet? If so ? skip next
/ i n s t r
5323 JMF' CONLUF' / Jump back to conversion loop for next
/ disit
4407 JMS I 7 / Enter FP
4124 FDIO FP10Ö / Divide by 100 to convert lOnS units to
/ microsecs
6346 FPUT FF'NO / Store
0000 FEXT / Exit FP
5715 J M P I B C D F F' C / J u m p b a c k t o c alii n s p r o s' r a m n» e 
0000 A0E ? 0000 / Storase 1 ocns - AveraSe ? Sc:- i r'i F‘F'
0000 0000 
0000 0000
0000 DELAY?0000 / Delay in FP
0000 0000 
0000 0000
0000 FF'NO? 0000 / Converted FP no
0000 0000 
0000 0000
0 3 5 0 0 PEIS T ? 0 3 5 0 / A ddr e s s o f s tart o f tab1e hea din s
/ ASCII string
187
4352
4353
4354
4355
4356
4357
4360
4361
4362
4363
4364
43654366
4367
4370
4371
4372
4373
4374
4375
43764377
3756 SPACES» LOIS / Address of start of sp aces ASC11
/ strins
0000 S T 6 ? 0 / S t a r t delay HSD
0000 ST5»0
0000 S T 4 » 0
0000 ST3»0
0000 ST2»0
0000 ST1 »0 / Start delay L.SD
0000 IN C 6 » 0 / Delay inc rement HSD
0000 INCSrO
0000 INC4f0
0000 IN C 3 » 0
0000 IN C 2 » 0
0000 INCI r 0 / Delay• increment LSD
0000 DEL.AY6 » 0 / Delay store HSD
0000 DELAYS r 0
0000 DELAY4? 0
0000 DELAYS t 0
0000 DELAY2 » 0
0000 DELAY1»0 / Delay store LSD
0000 DEL INC »0000 / Delay increirient in FP
0000 0000 
0000 0000
*350 / Table headins in ASCII
0350 0240 240 / Space
0351 0303 303 / C
0352 0304 304 / D0353 0324 324 / T
0354 0240 240 / Space
0355 0305 305 / E
0356 0330 330 / X
0357 0320 320 / P
0360 0324 324 / T
0361 0256 256 / 4
0362 0240 240 / Space
0363 0316 316 / N
0364 0317 317 / 0
0365 0240 240 / Space
0366 0317 317 / 0
0367 0306 306 / F
0370 0240 240 / Space
0371 0322 322 / R0372 0325 325 / U
0373 0316 316 / N
0374 0323 323 / S
0375 0240 240 / Space
0376 0275 275 /
0377 7777 7777 / -1 signifies end of ASCII string
Now follows a list of all the address names and their 1ocations*
ALPHA 0110
BCD INP 4157
CHAR 0031
DATOUT 4243
DELAY2 4373
DELAYS 4367
AUE 4340
BETA 0111
CHNGF3 0515
DDL1 EL U kJ u u
DELAY3 4372
DELING 4375
BCDADD 4177
BW 0517
CONLUP 4323
DELAY 4343
DELAY4 4371
DELTAD 0165
BCDFPC 4315
CD T 3600
CRLFT 0022
DELAY! 4374
DELAYS 4370
DELTAU 0170
188
n i ü i 3754 DI  02 3755
ENN 0157 ENTRY 3670
FF IX 0013 F IN 0011
FÖUT 001 2 FPCONO 0134
FPM 0144 FPN 0147
FP100 0124 FSQR 0002
HOLD 0030 IIWOUT 4200
l'NCM 3630 INCN 3653
INC3 4364 INC 4 4363
I N I  TM 0172 I  DT 6000
K 0115 KAY 0160
L.OIS 3756 LOOKUP 0024
MFLT 0116 MINUS 3703
MYSWCH 0173 Ml 0127
N 0114 NFLT 0117
PLACE 0112 POS 3710
ROMEY 3645 SPACES 4352
ST 1 4360 ST2 4357
ST5 4354 ST 6 4353
TAD D 0166 TAU1 0167
TT L I S T 0162 TUCK 0171
WH ALT 4051 UIN 4015
UL IS T 4003 WNUM 4116
US TOP 0161 UTIMES 4126
ZZZ 0164
DUEL. 0553 EMM 0156
FC DF 7001 FDKGN 0015
FLCL.A 0016 FLT INP 4145
FPCVRT 0133 FPK 0152
FPNO 4346 FP TEN 0121
FSQU 0001 GOADDR 0174
INCK 3745 INCKK 3750
INC 1 4366 INC 2 4365
INC 5 4362 INC 6 4361
IRENE 3716 IVAN 4056
KELT 0155 KPLAGE 0143
LOOP 4163 M 0113
h'NUM 0175 MPLACE 0141
MIO 0130 M6 0120
NPLACE 0142 OPLIST 4351
P10 0131 RETURN 0020
STORPL 4175 'S TR PL 2 4176
ST3 4356 ST4 4355
SWITCH 0021 SW2 4174
TEMP 0136 THREE 0132
TYPE 0023 WOG 4022
UI NC 4106 WINPUT 4062
WRUNS 4136 USTART 4076
YYY 0163 ZERO 4041
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APPENDIX C
INTERFACING THE EXPERIMENT TO THE COMPUTER
T h i s  s e c t i o n  b r i e f l y  d e s c r i b e s  t h e  i n t e r f a c e  u s e d  to  c o n t r o l  
t h e  f lo w  o f  d a t a  be tw e en  t h e  com pu te r  and t h e  e x p e r i m e n t .  Most  o f  t h e  
d e t a i l  d e s i g n  was c a r r i e d  o u t  by Mr. N. Esau  and Mr. J .  Kennedy o f  t h e  
Schoo l  E l e c t r o n i c s  U n i t .
A s i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  i n t e r f a c e  i s  shown i n  
F i g .  C - l .  T he re  a r e  s i x  s u b s y s t e m s :  t h e  e x p e r i m e n t  i t s e l f ,  i n c l u d i n g
t h e  DDG and ADC; t h e  l o c a l  i n t e r f a c e ,  w h ich  t r a n s f e r s  d a t a  and  c o n t r o l  
s i g n a l s  to  and f rom t h e  DDG and ADC; t h e  c a b l e  which  c o n n e c t s  t h e  l o c a l  
and c om pu te r  i n t e r f a c e s ,  w h ic h  a r e  l o c a t e d  i n  d i f f e r e n t  l a b o r a t o r i e s ;  
t h e  com pu te r  i n t e r f a c e ,  w h ic h  g a t h e r s  d a t a  f rom t h e  e x p e r i m e n t  and t h e  
co m p u te r  and t r a n s f e r s  i t  u n d e r  com pu te r  c o n t r o l ;  t h e  i n p u t / o u t p u t  ( I /O )  
b u s ,  wh ich  t r a n s f e r s  d a t a  and  c o n t r o l  s i g n a l s  b e tw e en  t h e  com pu te r  and 
t h i s  and o t h e r  e x p e r i m e n t s ;  and  f i n a l l y  t h e  com pu te r  i t s e l f .
Because  o f  t h e  d i s t a n c e  b e tw e e n  t h e  com pu te r  and t h e  e x p e r i m e n t  
(~15m),  d a t a  a r e  t r a n s f e r r e d  b e tw e e n  t h e s e  d e v i c e s  v i a  t w i s t e d - p a i r  
c a b l e s ,  u s i n g  a r r a y s  o f  d i f f e r e n t i a l  l i n e  d r i v e r s  (TX) and r e c e i v e r s  (RX). 
T h i s  e n s u r e s  h i g h  r e l i a b i l i t y  o f  d a t a  t r a n s f e r  and h i g h  n o i s e  immunity .
The s e q u e n c e  o f  d a t a  h a n d l i n g  d u r i n g  one  s a m p l in g  c y c l e  i s  d e s c r i b e d  be low 
w i t h  r e f e r e n c e  to  t h e  b l o c k  d i a g r a m .
The DDG c o n t r o l  i n  t h e  l o c a l  i n t e r f a c e  c o n t a i n s  a  f l a g  which  i s  
s e t  by t h e  r e c e i p t  o f  a DDG d a t a  r e a d y  s i g n a l  f rom t h e  com pu te r  i n t e r f a c e ,  
and  r e s e t  by t h e  f r e e - r u n n i n g  c l o c k .  As t h e  f l a g  i s  r e s e t ,  i t  s e n d s  a 
t r i g g e r  s i g n a l  to  t h e  DDG. Thus t h e  DDG can  o n l y  t r i g g e r  once  f o r  ea ch  
d e l a y ,  and s p u r i o u s  s a m p l in g  i s  n o t  p o s s i b l e .  The DDG i n i t i a l  
p u l s e  i s  s e n t  to  t h e  s o u r c e  and s h u t t e r  t i m i n g  m odule ,  w h i l e  t h e  d e l a y e d  
p u l s e  t r i g g e r s  t h e  s a m p l in g  p u l s e ,  t h e  c o i n c i d e n c e  g a t e  on t h e  ADC, and
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a delay module in the local interface. After a delay of 125 yS, to allow 
sufficient time for the conversion of a pulse from the detector, the delay 
module enables the ADC data latch to read and store the ADC output data. 
This is done because the ADC does not trigger if no signal is received, 
so its data ready (DR) output cannot be used to initiate data transfer.
The DR line signals the conversion of an input signal and is tied 
directly to the data enable (DE) line, so that if a signal has been 
converted, the data from the conversion are presented to the latch inputs. 
If no conversion has occurred, the data transfer gates in the ADC are not 
opened, and the latch stores data corresponding to a zero signal.
The output data from the latch are transmitted to the computer 
and presented to the inputs of the data transfer gate. After the latch 
has acquired the ADC data, the delay module sends a data ready signal to 
the flag module, and also signals data accepted (DA) to the ADC to 
clear it ready for the next input pulse.
The data ready signal sets a flag in the flag module and 
causes it to signal the computer via the interrupt request line, so 
that the computer exits from the wait loop into the skip chain. At each 
IOT command in the skip chain, IOT data are sent to the I/O bus by the 
computer. When the appropriate signals are received by the flag module, 
the set flag causes a skip instruction to be sent back to the computer, 
which then jumps to the servicing routine.
The computer then sends IOT instructions to the flag module 
to open the data gate to allow the ADC data onto the I/O bus data input 
lines, and the data is read into the accumulator. After the information 
has been processed, the computer calculates the delay data for the next 
sample and sends two IOT commands to the I/O bus.
When the first command is sent, the data for the three most
192
significant digits are present on the I/O bus, and the flag module interprets 
the command and instructs the first latch to store these data. The data for 
the three least significant digits are then passed to the I/O bus, and on 
the second IOT command, the flag module causes the second latch to acquire 
the data, and also sends a data ready signal to the DDG controller in the 
local interface.
The two twelve bit words containing the delay information have 
now been converted into a single 24-bit word, stored in the two latches and 
presented, via the cable, to the data input of the DDG. The DDG controller 
signals the DDG to load this word so that the next sample will be taken 
at the required delay, and also sets the DDG trigger flag.
The cycle is now complete, and is repeated on successive clock 
pulses until the experiment finishes.
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APPENDIX D
THE NULL-COLLISION PROGRAMME USED IN THE CO SIMULATION
Table D-l. The cross sections used in the CO simulation
a) Momentum transfer cross section b) Effective vibrations excitation
cross section
e (eV) V S2> e (eV) q(&2)
0.0 60.0 0.0 0.0
0.01 7.8 0.266 0.0
0.02 5.9 0.29 0.1
0.04 5.2 0.32 0.132
0.07 6.1 0.35 0.152
0 . 1 7.3 0.4 0.164
0.2 10.0 0.5 0.168
0.4 13.5 0.6 0.162
0.7 14.5 1.1 0.125
1.0 16.0 1.35 1.75
1.2 21.5 1.40 3.5
1.3 26.5 1.60 8.75
1.5 38.0 1.75 14.0
1.7 43.0 1.85 14.0
2.1 35.0 2.05 14.0
2.4 25.0 2.15 10.5
3.0 20.0 2.60 7.0
3.0 7.0
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C
C THIS IS THE NULL COLLISION PROGRAMME FOR CO.
C CROSS SECTION DATA IS IN CO.DAT.
C
DIMENSION STORE(5)»KRAY(500)»DT<4»200>»IDT(2>200)» 
2ENS<2»20)»GS(2»20)
COMMON ENS»QS,EII»EU 
R=RAND(MTIME(0))
C
C INITIALISE RANDOM NUMBER GENERATOR WITH NUMBER DERIVED FROM 
C CURRENT TIME ON SYSTEM CLOCK. MTIME WAS WRITTEN BY MR ROGER 
C BROWN OF THE SCHOOL COMPUTER UNIT » RSPhysS*
C
OPEN ( UNIT = 10» ACCESS- / SEQIN ' » FILE= ' I VAN . DAT ' )
READ(10 r100)ENN* FIELD»ATWT? DTIME»Ely AVEN » DE 
C
C READ IN SIMULATION PARAMETERS:
C ENN - GAS NUMBER DENSITY?
C FIELD -• ELECTRIC FIELD STRENGTH?
C ATWT - MOLECULAR WEIGHT OF GAS?
C DTIME - SAMPLE TIME?
C El - INELASTIC THRESHOLD?
C AVEN - APPROXIMATE AVERAGE ENERGY» USED AS START ENERGY?
C DE - ENERGY INCREMENT IN DISTRIBUTION HISTOGRAM.
C
READ(10*101)KFLAG 
C
C READ FLAG TO SEE IF SIMULATION IS STARTING OR CONTINUING.
C
CLOSE < UNIT =-10)
OPEN < UNIT = 12» ACCESS22' SEQ IN ' » FILE“ ' CO ♦ DAT ' )
READ(12 f101)ME 
C
C READ IN NUMBER OF MOMENTUM TRANSFER CROSS SECTION POINTS.
C
DO 2 1=1»ME
2 READ(12»102)ENS(1»I)»QS< 1 * I)
C
C READ IN ENERGIES AND CROSS SECTIONS.
C
READ(12»101)ME 
DO 3 1=1»ME
3 READ(12»102)ENS(2» I)» QS(2»I )
C
C REPEAT FOR INELASTIC CROSS SECTION.
C
CLOSE(UNIT=12)
ND EI L T=25000 
EV=1♦60219E-12 
EII=EI*EV 
E M = 9♦1Ö956E-28 
EMM=ATWT*1.66E-24 
C
C NDEL.T - INCREMENT IN NUMBER OF COLLISIONS» FOR 0/P TABLE.
C EV -- CONVERSION FACTOR» ERGS PER eV.
C Eli - THRESHOLD IN ERGS.
C EM - ELECTRON MASS.
C EMM - MOLECULE MASS 
C
n
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V 1 = 2 *0 *E V /E M  
F K I = 1 6 . 0 * S G R T ( V 1 ) 
FK IN =F K I*E N N
SET UP MAXIMUM COLLISION FREQUENCY FOR LOW ENERGY REGION♦ 
BOUNDARY AT 1 eV» X-SECT 1 6 * 0 * * - 1 6 *
V 2 = 3 *4 *E V /E M  
FMAX=43.0*SQRT(V2>
FKN=FMAX*ENN
SET UP MAXIMUM COLLISION FREQUENCY FOR HIGH ENERGY REGION« 
MAX AT 1 ♦ 7 eV> X-SECT 4 3 * 0 * * - 1 6 *
ACC=FIELD*EV/EM 
P I = 3 . 1 4 1 5 9 2 6 5  
RATIO=EMM/EM
G A M M A = 4 .0 * R A T I0 /< ( 1 * 0 + R A T I 0 ) * < 1 .O+RATIO)  )
ACC -  ACCELERATION OF ELECTRON DUE TO F IE L D *
RATIO -  m/M*
GAMMA -  4mM/(rr. + M > * *2 *
I F ( KFLAG♦N E * 1 ) GO TO 1
I F  SIMULATION I S  STARTING GO TO I N I T I A L I S A T I O N  ROUTINE*
OPEN( U N IT = 11 $A C C E S S = 'S E Q IN ' r F I L E " ' I V A N 2 * DAT * )
READ(11 * 1 1 1 1 ) X » Y ? Z * T r VX * VY >VZrVSG r V , EN> T I M E >SUM 
READ(1 1 11 0 5 ) L*NCOUNT r K A T IE»N E fNPS 
READ(1 1 r 1 0 5 ) KRAY 
READ( 11 f 1111 ) DI­
RE AD (1 1 , 1 0 5 ) IDT 
CLOSE( U N IT = 1 1)
READ IN ALL PARAMETERS FROM PREVIOUS BREAKPOINT*
GO TO 210
GO TO START OF NEXT COLLISION PATH*
1 L " 0
NPS=1
KATIE=0
NE-0
T1ME=DTIME 
NCOUNT ==25000 
KFLAG“ 1 
C
C I N I T I A L ISE PARAMETERSJ 
C L -- NUMBER OF SAMPLES ?
C NF'S -  TOTAL NUMBER OF COLLISIONS r REAL AND NULL ?
C KATIE ~ NUMBER OF ENTRIES IN  OUTPUT TABLE?
C NE -- NUMBER OF COLLISIONS?
C TIME -  TIME OF NEXT SAMPLE?
C NCOUNT -  NUMBER OF COLLISIONS AT NEXT OUTPUT?
C KFLAG -  CHANGE TO 1 TO S IG N IFY  THAT SIMULATION HAS STARTED. 
C
OPEN< U N IT = 1 0 »ACCESS-' SEQOUT'?  F I L E - ' IVAN * DAT ' )
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W R ITE ( lO r lO O )E N N y  F IELDy ATWTy DTIHE y E l  yAMENy DE 
WRITE(10  y 1 0 1 ) KFLAG 
CLOSE( U N IT - 1 0 )
C
C REWRITE IMAN* DAT TO CHANGE MALUE OF KFLAG♦
C
OPEN( U N I T - 1 1 r ACCESS^' SEQÜUT' y F I L E = ' OUTPUT♦DAT/ )
WRITE ( 1 1 * 1 1 5 )  ENNy F I  EL.D r ATWT y DT I  HE y E I  y AMEN r DE y FKN y FK IN  
WRITE ( 1 1 y 2 1 5 )
CLOSE ( U N IT - 1 1 )
C
C WRITE OUTPUT HEADINGS♦
C
10 X=0«0
Y - 0  * 0 
Z = 0 * 0  
T=0 * 0
C X = R A N D (0 ) *P I  
CY=RAND(0>*PI  
CZ-RAND(O)Y PI  
CX=COS(CX)
CY-COS ( CY)
cz=cos<cz>
C=SQRT ( CX#CX+CY*CY+CZ*CZ)
MSQ=2* OYAMENYEM/EM 
M=SQRT( MSQ)
CX=CX/C
CY-CY/C
CZ=CZ/C
MX-CXYM
VY-CYYM
VZ-CZYM
EN=0.5*EM*MSQ
C
C I N I T I A L I S E  ELECTRON PROPERTIES!
C X y Y y Z -  POSITION ?
C M -- MELOCITY ?
C MSQ -  SQUARE OF MELOCITY ?
C CXrCYr CZ -  RANDOM DIRECTION COSINES?
C MX y MY y MZ -  MELOCITY COMPONENTS?
C EN -  ENERGY*
C
210 F’-RAND ( 0 )
C
C P -  PROBABIL ITY OF SUFFERING A CO LLIS ION IN  PATH*
C
MSQ2=MSQ 
MZ2-MZ 
TSUB-0 * 0 
C
C PARAMETERS TO KEEP TRACK OF MSQy MZy S T DURING PATH 
C
IF (M S Q * G E . M l ) GO TO 60 
C
C GO TO HIGH ENERGY REGION I F  NECESSARY 
C
220 T 1 - ( SORT( MZ2YMZ2+2. 0 * ( EM-EN) / E M ) - M Z 2 ) /ACC 
P 1 = E X P ( - F K I N # T 1 )
I F ( P I * G T * P ) G O  TO 70
C 60 TO HIGH ENERGY REGION IF COL.L.N NOT IN LOW ENERGY REGION 
C
TT = -<ALOG(P))/FKIN 
SO TT-TT-fTSUB 
C
C TT - TIME TO COLLISION 
C
90 T-T + T T 
C
C GO TO SAMPLING ROUTINE IF PAST SAMPLE TIME 
C
IF(T 4 GE♦TIME)GO TO 1000 
1001 X=X+VX*TT 
Y=Y+VY*TT
Z=Z+VZ*TT+0.5*ACC*TT*TT
VZ=VZ+ACC*TT
VSQ=VX*VX+VY*VY+VZ*VZ
EN=0*5*EM*VSQ
V-SQRT(VSQ)
C
C UPDATE ELECTRON PROPERTIES AT TIME OF COLLISION 
C
R-RAND(0)
C
C R DETERMINES WHAT TYPE OF COLLISION 
C
NPS=NPS+1
IF(EN*GE*EV)GO TO 500 
C
C GO TO HIGH ENERGY REGION IF NECESSARY 
C
CALL INTP(EN ? Q * QI)
FV=V*Q/FKI
C
C FIND CROSS SECTIONS AND COLLISION FREQUENCY AT TIME OF COLLN 
C
IF(R*GE4FU)G0 TO 210
c
C BACK FOR A NEW PATH IF A NULL COLLISION 
C
IF ( R 4 L. T 4 ( <V*QI >/FKI ) )LFLAG=1 
C
C L.FLAG-1 SIGNIFIES AN INELASTIC COLLISION 
C
GO TO 510 
C
C DO SIMILAR ANALYSIS TO ABOVE FOR HIGH ENERGY REGION 
C
500 CALL INTPCENyQyQI )
FV-VYÜ/FMAX 
IF(R*GE4FV)G0 TO 210 
IF(R4LT4((VYQI)/FMAX))LFLAG=1 
C
C NOW WORK OUT CURRENT AND NEW DIRECTION COSINES»
C NEW ENERGY S VELOCITY♦
C
510 CX=VX/V 
CY-VY/V
n
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cz=vz/v
200 NE=NE+1
C X 2 - R A N D ( 0 ) t F‘ I C Y 2 = R A N D ( 0 ) * PI 
CZ2-RAND (0) *'PI 
CX2=C0S(CX2)C Y 2 ~ C 0 S ( C Y 2 )
CZ2=C0S(CZ2)
300 C2=SGRT(CX2*CX2+CY2*CY2+CZ2*CZ2) CX2-CX2/C2 
CY2=CY2/C2
P7') — f' 7 O /p'lL  L- jü. / L.» a-
THETA=AC0S(CX*CX2+CY*CY2+CZ*CZ2>
YY=SIN(THETA/2*0)
IF<LFLAG«EQ.1)EN=EN-EIILFL.A6=0Y Y ~ G A M h A % Y Y Y Y Y
YY“1♦0-YY
EN=EN*YY
97 OSQ-2♦OYEN/EM 
V==SGRT(USG)
VX=CX2*V
VY=CY2*V
UZ=CZ2*UIF(NE♦EQ 4 NCOUNT)GO TO 310 
IS IT TIME TO PRINT ANOTHER TABLE ENTRY? 
BACK FOR NEXT PATH 
GO TO 210
SAMPLING - WORK OUT POSITION AT SAMPLE TIME
1000 T-T-TT
T 2 “ TIM E - T V2”UZ+ACC#T2 
L = L + 1
XDT=X+VX*T2
YDT=Y+VY*T2
STORE(4)=Z+VZ*T2+0♦5*ACC*T2*T2
CALCULATE SUMS FOR USE IN EXPRESSION FOR DT
DO 1010 IDR=1y 200I Ei T (1 f I DR)-IDT (1 r I DR) +1
IF (I DT (1 * I DR) 4 LT 4 I EiR ) GO TO 1010
IDT(lrIDR)=0
IDT(2 yIDR) = IDT (2 yIDR) +1
XSQ“(XDT-DT(1,IDR))*<XDT-DT(1y IDR))
YSQ~(YDT-DT(2 y IDR))* (YDT-DT(2 yIDR))DT <31IDR)=DT(3 yIDR)+XSG+YSG 
DT(1yIDR)=XDT 
DT(2 yIDR)-YDT 
1010 CONTINUE
STORE PARAMETERS FOR PRINTOUT TABLE
STORE(1)=TIME
n
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LSTORE-NE
STORE( 5 ) -STORE( 4 ) /T IM E
S T 0 R F ( 2 ) = 0 t5 * E M * <  VX#VX +VY*V Y+V2*V 2>/E V  
KEN=STORE( 2 ) /DE+1 
I F ( KE N ♦ 6 T « 5 0 0 ) 6 0  TO 71 
K R A Y ( K E N ) -  K R A Y ( K F N ) +1 
71 SUM=SUM+ST0RE(2)
STORE ( 3 ) -SUM /L  
T IME-T IMETDTIME
NOW BACK TO COLLISION ROUTINE
GO TO 90
UPDATE PARAMETERS AS ELECTRON CROSSES INTO HIGH ENERGY REGION
P = ( P 1 - P ) / P 1  
TS U B-TS U BfT1 
VZ2=VZ2+ACC*T1 
VS Q 2 = VX *  VX + VYYVYTVZ2YVZ2
FIND COLLISION TIME
' T T - - ( ALOG( P ) ) /F K N
I F  V Z P O S IT IV E .» COLLISION OCCURS IN  HIGH ENERGY REGION
180 I F ( V Z 2 . L T . 0 . 0 ) 6 0  TO 190 
195 GO TO 80
I F  SUFFICIENT RADIAL ENERGY* COLLIS ION IN  HIGH ENERGY REGION
190 I F ( V X * V X + V Y * V Y , G E ,V I ) G 0  TO 80 
EDIF=EN-EV
E Z I = 0 . 5 * E M * V Z 2 * V Z 2 - E D I F  
VZ3=SQRT( 2 ♦ 0 * E Z I / E M )
FIND TIME TO GET TO LOW ENERGY REGION
T 0 - ~ ( VZ2+VZ3) / ACC
DOES THE COLLISION OCCUR F IRST?
I F ( TO♦GE♦T T ) GO TO 80
NOT UPDATE PARAMETERS AS ELECTRON CROSSES INTO L.E REGION
T S U B -  T S U B + T 0 
VZ2=VZ2+ACC*T0 
VSQ2-V1 
EN-EV
P2=EXP ( “ FKN^TO)
P = ( P 2 - P ) / P 2  
GO TO 220
PRINT OUTPUT TABLE ENTRIES
310  K A T I E - K A T I E T 1
N C 0 U N T = NC 0 U N T + NBELT
U
 U
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OPEN C U N IT -  1 0 y ACCESS- ' APPEND ' y F IL E =  '  OUTPUT ♦ DAT ' ) 
U R IT E (1 0  » 1 1 0 ) LSTOREySTORE
IS  SIMULATION F IN ISH ED?
I F ( NCOUNT♦GT♦ 7 ♦ 5 E 6 ) GO TO 250
UPDATE BREAKPOINT F IL E
CLOSE<UNIT=10>
OPEN( UN IT - 1 1 yACCESS- ' SEQOUT' y F I L E - ' I VAN2♦DAT' )
WRITE( 1 1 y 1 1 1 1 ) X , Y y Z y T yVXy VYyUZrUSQy U yEN y T I M E y SUM
U R IT E ( 1 1 y 1 0 5 ) L yNCOUNTr KATIE yNE y NPS
WRITE< 1 1 y 1 0 5 ) KRAY
WRITE < 1 1 y 1 1 1 1 ) DT
WRITE( 1 1 y 1 0 5 ) IDT
CLOSE( U N I T - l 1)
GO TO 210
PRINT OUT DISTRIBUTION
250 WRITE( 1 0 y 1 0 5 ) KRAY
CALCULATE AND PRINT OUT DT TABLE
DO 1030 L.LL-1  y 200
FORT AU- 4  40 * L L LY D T IM E KID T(2  y L L L )
1030 D T (4 y L L L ) - DT(3  y L L L ) /FORTAU
WRITE( 1 0 y 1 0 0 ) ( DT( 4  y KK)y KK=1y 200  >
SUMM-0♦0
DO 88 K K - 1 0 1 y 200 
88 SUMM=SUMMT DT ( 4 y KK )
SUMM-SUMM/100* 0
AVERAGE LAST 100 FOR L I M I T
WRITE ( 1 0 y8 8 8 ) SUMM
888 FORMAT( / y l O X y 'AVERAGE OF LAST 100 = ' y E 1 2 * 5 )
CALCULATE DT FROM DISTRIBUTION
ENERGY=DE/2*0
SUMM-0 4 0
DO 88? KK” 1 y 500
ENER2=ENERGY*EV
CALL IN T P ( ENER2 y QUEUE y Q I )
SUMM=SUMM+KRAY( K K ) YSQRT( ENERGY)/QUEUE 
ENERGY=ENERGYTDE 
88? CONTINUE 
E L L -L
SUMM-1* ?76?85E06*SUMM/ELL 
WRITE( 1 0  y 8 8 7 ) SUMM
837 F O R M AT< /y lO Xy 'CALCULATED DT FROM DISTN = ' y E 1 2 * 5 )  
CLOSE<U N I T - l 0)
CALL EXIT
100 FORMAT(6E12*5)
1111 FORMAT(SEI 5 . 7 )
101 FORMAT( 1 4 )
102 FORMAT(2F)
201
105 FORMAT( 6 1 1 0 )
110 FORMAT <5 X y 1 3 y 8 E12 * 5 )
215  FORMAT < 5X r " CÖLLN NO" ?SX,  ' T I M E ' , 6 X t  ' ENERGY/ r 5 X ?
2 " A 0 4 ENERGY"y4Xy "Z ( C M ) 5  4 X » 'D R IF T  VEL * " y /  )
115 FORMAT ( " 1 " y 9X * " MONTE CARLO WITH IN E L A S T IC  COLLIS IONS"  y
2 / t 1OXr " NUMBER DENSITY = " y F 7 * 4 y " E 16 /  CC ' r / r 1 0 X r " DRIFT F " t
3 " I  ELD = '  y F 7 ♦ 4 r ' O/CM " y/ y 1 OX y " ATOM IC WEIGHT = " y F7 * 4 t /  y 1 OX y 
5 " AOERAGES TAKEN EVERY" yE1 2 ♦ 5 y " S E C " y / y l O X r
6 " INELASTIC THRESHOLD = " y F 7 * 4 y "  EO" y / y
S lOXy"START ENERGY = " y F 7 * A t '  EO" y/ y 1 O Xy" ENERGY BIN  W ID T H " , 
9 "  = " y F 7 ♦4 y " EO " y /  y 1 OX » " MAX COL.LN RATE = " r E 1 2 4 5 y "  PER SEC"y 
A /  y 1 OX y " COLL.N RATE AT LOWER POINT = " y E 1 2 * 5 y "  PER S E C " y / / >  
END
SUBROUTINE IN T P C E N y Q y Q I )
C
C INTERPOLATES CROSS SECTIONS FROM TABLES 
C
COMMON E N S y Q S fE I Iy E O  
DIMENSION ENS(2  y 2 0 ) yQ S (2 y 2 0 )
E=EN/EV
1 = 1
2 I F ( E ♦L E ♦ENS( 1 y I ) ) GO TO 1 
1 = 1 + 1
GO TO 2
1 QD=QS( 1 y I ) - Q S ( 1 y 1 - 1 )
ED=ENS( 1 y I ) - E N S (1 y 1 -1  )
Q = Q S ( 1 y1 - 1 ) + Q D * ( E - E N 3 ( 1 y I - 1 > ) /E D  
I F ( E N * L E * E l i > G 0  TO 3 
1=2
4 I F ( E ♦L E ♦ENS < 2 y I ) ) GO TO 5 
1 = 1 + 1
GO TO 4
5 GD=QS(2  y I ) - Q S (2  y 1 -1  )
ED=ENS(2  y I ) - E N S (2  y I - 1  )
QI = QS(2y 1 -1  ) + G D * ( E - E N S ( 2 y  1 -1  ) ) /E D  
RETURN
3 0 1 = 0 * 0  
RETURN 
END
C
c * * * * * *  rand * * * * * *
C
C PORTABLE RANDOM NUMBER GENERATOR (S INGLE PRECISION OERSION)
n  ' i '  *4/ + • ' '+■ *4/ ^  ^  ' i '  vL* \J.* \J.- vJ.- vL- ^  J ,-  \J.- U.- O.- v|,- vj,* \J,- \L- \Jf’ U / vJ." vi.- d -
1 ^  /yw m * ' r *  o '  •Tv <1% •Tv* / f .  «Tf* 4 ^  ■ * *T- <T* T  *T* 4 '*  T -  <T' • »• *T- *T* 'V * ^T- 4 *  T 1
C
FUNCTION RAND (N)
C
C A PORTABLEy GOOD AND MODERATELY FAST RANDOM NUMBER GENERATORy 
C PROGRAMMED BY R ♦ BRENTy 26 OCTOBER 1972*
C
C WHEN CALLED WITH N = 0 RAND RETURNS A RANDOM NUMBER UNIFORMLY
C DISTRIBUTED IN (Oy 1) ( INCLUDING 0 BUT NOT 1 ) .  THE GENERATOR
C MAY BE I N I T I A L I Z E D  BY CALLING WITH NONZERO N (OTHERWISE A 
C DEFAULT I N I T I A L I Z A T I O N  WITH N = 8 1 9 0  IS  USED)*
C
C I F  THE FLOATING-POINT WORD HAS A FRACTION OF IW BITSy THE 
C ALGORITHM RETURNS X ( N ) / ( 2 * * 1 W) y WHERE
C X ( N )=  X ( N - l )  + X ( N- 1 2 7 ) MODULO 2 * * I W *  SINCE 1 + X + X * * 1 2 7  IS  
C P R IM IT IV E  MOD 2y THE PERIOD IS  AT LEAST 2 * * 1 2 7  -  1 > 1 0 * * 3 8
n
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C (SEE KNUTH » THE ART OF COMPUTER PROGRAMMING » VOL♦ 2? 196?»
C PP ♦ 26 y 32-3-4 AND 4 6 4 )  ♦ X(N)  IS  STORED AS R3 = X ( N ) / 2 * * I W ,
C
C THE NUMBER 127 MAY BE REPLACED BY 27» 60» 63» 153 OR 532 
C THROUGHOUT (SEE ZIEGLER & BRILLHART» ON PRIMIT IVE TRINOMIALS 
C (MOD 2)» INFORM♦ CONTR♦ 1 3 ( ' 6 8 ) »  5 4 1 -5 5 4  S 1 4 ( ' 6 9 ) » 5 6 6 - 5 6 9 ) ,  
C SUGGESTED VALUES ARE 60 IF  THE TABLE SIZE OR IN IT IA L IZ A T IO N  
C TIME IS  CRITICAL.» AND 532 IF  THE DEGREE OF RANDOMNESS IS  
C CRITICAL,
C
C RESTRICTIONS ARE THAT IW > 12» 17 *8 1 9 0  DOES NOT OVERFLOW IN 
C INTEGER ARITHMETIC» AND A BINARY COMPUTER WITH REASONABLE 
C FLOATING-POINT ARITHMETIC IS  USED,
C
IM P L IC IT  REAL#4 ( A - H » 0 -Z ) »  INTEGER ( I - N )
DIMENSION R3 ( 1 2 7 )
DATA RI / 2 E 0 / »  S / 0 E 0 / »  T / 1 E 0 / »  RMC /1 E 0 /»  IW / - l /
TEST IF  IN IT IA L IZ A T IO N  IS  REQUIRED,
IF  ( ( R I , L T , 1 E 0 ) , A N D , ( N , E Q , 0 ) ) GO TO 60
IN IT IA L IZ A T IO N  IS  REQUIRED,
SEE IF  IW ETC, HAVE BEEN DETERMINED,
IF  ( IW♦GT♦0) GO TO 30
DETERMINE FRACTION LENGTH IW ETC,
10 IW = IW -1 1 
T = 0 ,5 E 0 * T  
Rl  = S 
S = • S -I T
IF  ( ( S ♦GT♦R l ) , AND, ( S , L T ♦1EO) )  GO TO 10 
IKT = ( IW -  1 ) / 1 2  
IC = IW -  1 2 * IK T  
ID -  2 * * ( 1 3  -  IC )
COMPUTE RMC = 2 * * ( - I C )  EXACTLY,
DO 20 I  = 1» IC 
20 RMC = 0,5E0*RMC
THE FOLLOWING CONSTANT IS  2 * * ( - 1 2 )  AND MUST BE EXACT,
RM = 0 ,0 1 5 6 2 5 E 0 * 0 ,0 1 5 6 2 5 E 0  
I N I T I A L I Z E  R3 INDEX,
30 12 = 127
DETERMINE STARTING VALUE FOR SMALL GENERATOR,
IR = MOD( I ABS( N) » 8190)  + 1
I N I T I A L I Z E  R3(1 2 7 )»  , , ,  » R 3 ( l ) ,
40 Rl  = OEO
DO 50 I  "  1 » IKT
GENERATE RANDOM INTEGER IR IN (0» 8 1 9 1 ) ,
n 
n n
 
no
n 
no
n 
no
n 
no
n 
no
n 
no
n 
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n
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IR = MOD(17*1R t 3191)
ADD TWELVE RANDOM BITS TO Rl ♦
50 R1 = (R1 + FLOAT(IR/2)) % RM 
IR = MOD (17*IR, 8191)
ADD LAST IC RANDOM BITS TO Rl ♦
Rl = CR1 + FLOAT(IR/ID))#RMC 
R 3(12) = Rl 
12 = 1 2 - 1  
IF ( 12 4 6T♦0) GO TO 40
GENERATE NEXT RANDOM NUMBER
60 IF (I2 4 EQ4O) 12 = 127
ADD LAST AND OLDEST SAVED RANDOM NUMBERS♦
\
T = Rl + R3(I2)
REDUCE MODULO ONE MAKING SURE ARITHMETIC IS EXACT♦
IF < T♦GE♦1E0) T = (Rl - 0*580) + (R3(I2) - 0*5E0) 
Rl = T
SAVE FOR FUTURE USE♦
R3(12) = Rl
UPDATE COUNTER FOR NEXT CALL♦
12 =  12 -  1
RETURN THE RANDOM NUMBER GENERATED♦
RAND = Rl
RETURN
END
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